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Abstract 


The y radiation of the ground from natural and artificial radioactivity, and the B radiation 
from radioactive debris in the atmosphere, have been recorded in Sweden since 1950. On 
several occasions increased radioactivity has been observed, sometimes producing effects by far 
exceeding the variations of the normal level. Observations are reported on the influence of 
rain and snowfall, with and without the effects caused by transportation of radioactive debris 


from nuclear explosions. 


The y radiation from the ground and B 
radiation from atmospheric debris have been 
continuously recorded since June 1950 at four 
places (fig. 1, I-IV), and since February 1953 
at two additional places (fig. 1, V - VI). The 
chief aim was to elucidate any increase of 
ionizing radiation due to the nuclear explosions, 
which were more frequent year by year. It 
seemed desirable to register at an early stage 
the variations of the natural radiation too, in 
order to judge what effects could be attributed 
to changes in the natural level and what effects 
were probably referable to nuclear explosions. 
When the work was started in 1948, it was 
required that such investigations should be 
made without publicity and as a measure of 
preparedness. Hence the instruments were so 
designed that they could be managed by 
completely unskilled persons without know- 
ledge of the purpose of the work. Since it was 
impossible to know in advance what amounts 
of radiation would appear, the methods used 
had to provide records within a very wide 
range, from the radiation common in nature 
up to levels representing increases of at least 
1,000 — 10,000 times; that is to say, I-10 r per 
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week. Moreover, a very high degree of relia- 
bility was imperative, since the instruments 
were located at small places too far away for 
competent supervision. A technically trained 
person could only be sent out two or three 
times a year for checking the equipment. 
Under these circumstances it was not 
possible with the modest grants and personnel 
(one technician) available, to arrange for more 
than quantitative measurements under constant 
conditions of the ionization in order to be able 
to observe small variations in the radiation 
level; any thought of a detailed analysis of 
the radiation observed thus had to be aban- 
doned. Only a comparatively rough estimate of 
the radioactivity in the atmosphere could be 
carried out, and the detection of diminutive 
quantities months after nuclear explosions was 


very unlikely. 


Methods and Instruments 


The method of recording will be seen from 
fig. 2. The central electrode of the ion chamber, 
I, is connected to the fixed plates, P,, of a 
specially designed electrostatic instrument, the 
moving balance of which is provided with 
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CE plates P,, and with two contacts. One of the 
Wk Ae Jatter, K, discharges plates P, when a certain 
- 68° voltage is reached; the other, F, gives a safe 


connection to the relay, R,, when the balance 

on which the plates P, are fixed falls to 

its zero position. Relay R, works on a system 

of dry batteries, B, condensers, C, and an- 
other relay, R,, the main arrangements of 
which are seen in the figure. When the sys- 

o tem is discharged a short trace on the telegraph 
64 recorder, T, is obtained. The recorder has six 
magnets, two of which are used for the ion 
chambers, two for time registrations (every 10 
minutes and 6 hours), and two for indicating 
temperature changes in the instrument room 

and for control of a fan for suction air 
through a debris chamber. A record is shown 
160° in fig. 3. When evaluating the records, the 
average of three consecutive points was used. 
Schematic drawings of the ion chambers— 

one chamber for radioactive debris and one 
pressure chamber (7 atm. N,) for y radiation— 

are shown in fig. 4, which needs no further 


A explanation. 
; Ne. | 56° Since it was essential to know the long-term 
m MN | a reliability of the records, six complete record- 
ln PE Ml I EEE ing apparatuses with closed ion chambers were 
Scale 1:16 mill. novel 
1 
Fig. 1. Approximate sites of the recording stations. \ 
et ean in function 
Time record: 
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10 min. interval | 


Record: 
debris chamber 


Temp.too high 


| Time record: 
: Ns 6 hrs interval 
emp.too low 
P Record: 
| pressure cambers 
Fig. 2. Method of recording the ionization. Fig. 3. Record strip. 
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Fig. 4. Ion chambers; left, for measurement of radioactive debris; right, for y ray measurements. 


laced in a well ventilated cellar for several 

months. The maximum deviations from the 
mean proved to be less than +1 % of the 
natural y-radiation of average intensity or 
about + 10 microroentgen per week. 

The instruments are at present placed in 
small detached wooden houses situated on open 
ground. The houses are heated electrically with 
the use of thermoregulators, and indoor 
temperatures and barometric pressures are 
recorded by means of ordinary instruments. 
During a two-day period each week, about 
1,000 m® air is drawn through the filters of 
the debris chambers and they are then filled 
with old air and hermetically sealed. — To 
check the correct running, tests were made by 
using two similar instruments in two of the 
houses. Fully satisfactory agreement was found, 
as will be seen from the records in fig. 5. 

The effective running times are shown in 
table 1. In the period of failure, calibrations by 
means of a radioactive source are also included. 

At every place where records are taken there 
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Fig. 5. Simultaneous records with two chambers of the 

same type at the same station over one month. VI: 

y ray chambers; V: debris chambers. Suction periods (2 

days) marked by black rectangles. Rain and snow 
indicated. 
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Table I. 
Time of useful records in % of 
total period 
Place y radiation: ar 

1950 | 1952 | 1954 | 1950 | 1952 | 1954 
mn) een 

I i year eae re 87 89 97.5| 88 86 99 

I 6 Be 93 90 87 87 81 87 

i) Dre 90 OI 99.5| 89 85 94 

IVe 87 95 98 87 92 98 
N — | 93 81 — | 85 82.5 

MI en — | 93 96.5 — | 91 96 
MeanI—VI| 89.3| 90.2| 93.2| 88.8| 86.7| 92.7 


is a person in charge of the very simple tending 
of the instruments, which amounts to less than 
half an hour’s work per week. He keeps the 
small laboratory in order and checks the suction 
of air through the debris chamber and the 
observations mentioned above. This work has 
been carried out satisfactorily during the whole 
time, by workers living near by, and occasion- 
ally by their families too. All records are sent 
to Stockholm together with annotations of 
the pressure in the pressure chamber, volt- 
meter readings of the batteries and meteoro- 
logical data, especially as to rain and snow. 
The evaluation and registration of the results 
take about one hour per week per station. 

As pointed out above, the ion chambers are 
calibrated by means of radioactive sources. 
From the calibrations it is evident that there 
are sometimes long-term changes in the 
sensitivity of the electrostatic systems, but no 
abrupt ones that might obscure the results 
have been observed. Only in the rare cases 
where the electric heating of the houses has 
failed have slight changes sometimes occurred. 
Temporary disturbances have happened but 
are very rare and easy to detect, and have not 
caused any serious complications.—Never- 
theless, a single record is never judged as a real 
effect unless supported by another independent 
observation, or unless a series of results makes 
the effect sufficiently plausible. 

In all diagrams in this paper the observed 
radiation refers to the ionization in ion pairs 
per cm? per second in normal air in the ion 
chambers. 

The barometric effect of cosmic radiation 
is taken into account and a correction applied 


ROLF M. SIEVERT » 


37 
3 
35 


Fig. 6. Barometric effect of cosmic radiation recorded 

by the pressure chambers at four stations during periods 

of 15 days. Upper curves and figures on left side 

ionization; lower curves and figures on right side baro- 
metric pressure, 


as determined from series of records made in 
1950—1951 (cf. fig. 6) during periods when 
nuclear explosions did not take place. This 
correction proved to be 0.005 ion pairs per 
millibar and is used for the pressure ion 
chambers only. Solar flares have not hitherto 
been found to produce any detectable effects 
on the records, except in one case demon- 
strated in table II and fig. 7. 


The average amounts and the maximum 
variations of radon and thoron, including their 
decay products, in the air at the recording 
sites caused some trouble in one station (fig. 
1, If) and made the observed level of artificial 
debris to some extent uncertain. However, 
major quantities of artificial radioactivity could 
never be confused for such reasons. 

To be on the safe side, a question mark 
nevertheless follows results which may possibly 
have been caused by variations of the natural 
radiation or by instrumental errors. 
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Table II. Increase of penetrating radiation caused by eruptions on the sun in the morning 
of February 23rd. 1956. 


(The time intervals for the different observations are collected here. It has been impossible to state with 
sufficient certainty whether or not the apparently earlier occurrence of the increase of radiation observed at 
station IV may have been confused by the time record being wrong. The other times given can be considered 
as correct within 10—20 minutes. Consequently, the maximum of the radiation seems to have been registered 

between os°° and 08°°,) 


Station | I | II | III | IV | V | VI 


Average ionization before 


and after effect observed 3.21 2.77, 2.46 2.85 3.49 Bung 
Time of observation.... 071%— 16! 
Increase of ionization... —0.07 
Feb. 22 1512 — 2250 
—0.04 
1610 61700 
0.28 
191° — 0220 
—0.08 
1940 0230 
0.03 
223° —05°° 
0.12 
2 17° —0500 
0.04 
2 14° —0500 
0.09 
010° —07?° 
1.03 
022—0740 
76) 
0230 0750 
0.9I 
05°°—o08 
4.01 
05°°— 1020 
1.38 
Feb. 23 ©502—104° 
Pire) 
08°°—7 410 
0.30 
0740—7 450 
0.09 
07° —14°° 
0.10 
077°—1570 
0.17 
1022 78,0 
0.06 
104° — 185° 
0.03 
1419—2050 
0.06 
14° —21°° 149° —2 30 
0.01 —0.04 
153° —00°° 
0.03 
1850— 0310 
Feb. 24 —0.0I 
1810— 0350 
0.00 
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Fig. 7. Increase of cosmic radiation in the morning 
of February 23. The peaks indicate the single observa- 
tions; the lower curves are obtained by using three 
point averages. A big shower was obseved at 10°° 
p.m. on Feb. 22 by means of a very sensitive high 
pressure ionization apparatus (SIEVERT, Strahlentherapie, 
99, p. 186, 1956) placed in a rock about so m below 
earth surface. 


Results 


Th y radiation from the ground is constant 
when there have been no recent nuclear ex- 
plosions and the weather is dry. Rain and, 
particularly, snow occasionally cause typical 
effects even during periods when there is no 
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Fig. 8. y radiation during and after snowfall. 


reason to allow for any appreciable amount 
of artificial radioactivity in the atmosphere. 
Rain sometimes causes a brief increase in the 
y radiation produced by the decay products 
from radon and thoron. Snow also produces 
a similar change, but here the absorption of 
the y radiation from the ground surface 
complicates the results. 

If the snowfall is heavy, the absorption 
predominates and results in a decrease of the 
radiation. In cases of abundant radioactive 
debris there is an increase followed by a 
decrease, provided the snow remains unmelted. 
Typical curves for these two alternatives are 
shown in fig. 8. Evidently, the y radiation 
observed after a snowfall is very much de- 
pendent on the specific activity of the outer- 
most part of the snow cover; hence even a 
very small quantity of new snow may often 
cause a marked increase in radiation, if the 
snow has been produced in atmosphere con- 
taining a high concentration of radioactive 
debris. In the case of a heavy snowfall it may 
be assumed that the first portion of snow takes 
up the major part of the activity in the atmos- 
phere. This is also supported by the experience 
that after rain and snowfall an appreciable 
effect has rarely been detected with the debris 
chamber. 


Tellus VIII (1956), 2 


RECORDS OF RADIATION IN SWEDEN, 1950— 1955 


+ IONIZATION 
+ SNOW COVER 


Se Seog 
[ 


IONPAIRS/ 3 er 


SNOW COVER In OM 


ROMEO RAS GS RTOS ee 


Fù 
= 


MAY JUL SEPT. NV JAN MR MY. A 
| un AUG OCT DE FEB APR, JM AUG | 
1950 951 


Son 7 


Fig. 9. Snow cover and natural y radiation. 


The absorption by a snow cover is so great 
that it can be used for estimation of the thick- 
ness of the snow layer or, more correctly, of 
its average mass per unit of area. Fig. 9 shows 
the correlation between snow layer and y 
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Fig. 10. Calculated absorption of y radiation from 
the earth crust by snow of varying volume weight. 
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radiation during the winter of 19;0—1951 for 
the four northernmost stations, and fig. 10 the 
absorption by snow layers of different thick- 
nesses. 

After nuclear explosions, especially those 
produced in northern latitudes, radioactive 
debris has been observed in the atmosphere 
over Sweden on several occasions. A typical 
example is seen in fig. 11 a and b, which 
should be compared with fig. 12, showing a 
set of normal curves obtained during a “quiet” 
month. The slope of the curves as will be seen 
from fig. 13 is nearly the same in three con- 
secutive records. Since these curves are not 
likely to represent debris of equal age caused 
by different explosions, the most probable 
explanation is that a short-lived radioactive 
element was predominant for 1—2 weeks after 
the explosion. This is indeed the case, as 
neptunium 239 is produced by atomic bombs, 
probably due to the use of uranium 238 as a 
tamper. As will be seen from the collected 
decay curves in fig. 13, the half life is of the 
magnitude of 2.5 days, in close agreement 
with the figure 2.31 + 0.11 given for neptu- 
nium 239, as a small additional amount of 
fission products may have contributed to pro- 
longing the half life. The first recorded value 
is excluded in the upper curves of the graph. 
This has been done because of the possible 
influence of short-lived decay products ofradon 
and thoron during the early period after suc- 
tion. 

With regard to the y radiation, in only a 
few cases has an increase been of such magni- 
tude as to leave no doubt of its origin. One 
of these cases is shown in fig. 14. The effect 
observed was caused by the thermonuclear 
bomb exploded on August 12th, 1953. Since 
no rainfall was reported in the locality where 
the highest radiation was recorded, there may 
have been a sedimentation of comparatively 
large particles in the atmosphere. It may be 
open to doubt whether determination of the 
half life of the radioactivity in this case serves 
any purpose. However, according to the record 
from place III, the half life is obviously 4—s 
days, which is in fairly close agreement with 
the t-1-2 law, if the debris was produced at an 
explosion 4—5 days before; that is, 12th— 
13th August. This indicates that the active 
material was being precipitated during the 
comparatively short time of less than two 
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Fig. 11a and b. Debris records during September and October 1951. The chamber was at this time not 
absolutely airtight, and therefore small amounts of radon influenced the records as seen from the curves before 
and after the effects of increased radioactivity. 


Table III. Number of occasions on which the ionization observed was of such magnitude or half life that 
it could not reasonably have been caused by normally occurring natural radioactivity only. (Figures in 
brackets refer to ionization above Io ion pairs per cm? and sec.) 


Station | PR | 3 | > 239347 So na er ee 
debris | y rad. | debris | y rad. | debris | yrad. | debris | y rad. | debris | y rad. 
I fo) fe) o fo) o I o fe) [6) fe) I 
II I o 8 (4) fo) 2 I 3 (1) oO 3 fe) 18 (5) 
III 2 fo) I fo) 6 I o fe} o o 10 
IV 6 (3) 0 o o I I fo) o 2 o 10 (3) 
V — —— — 10 fe) fe) o I o II 
«VI — — — — es) o o 2 10 (7) fe) 19 (8) 
EEE re EN ar a NA N 
Total | 9(3)| o | owl o lam] 4 | si] 2 [16m | o [ce 


In measurements of the debris, those occasions only have been included on which radiation measurements 
showed an increase of at least 4 ion pairs per cm? and sec. in the ion chamber. In measurements of the y 
radiation, all effects of short duration have been excluded, since it is difficult to determine with a sufficient 
degree of certainty if they are caused by nuclear explosions or by other effects, The debris records of 
station VI may be affected to an unknown extent by variations in natural radioactivity. 
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Table IV. Number of occasions on which max. increase in ion pair per cm? and sec. in the 
: debris chamber amounted to: 


en PE a a a, GB BEE ee 
(S = spring, À = autumn) 


Year 4—6 6—8 8—10 10—12 12—14 14—16 16—18 Total 
Sr RE an een) als | ar ST a FTIR 
1951 o ANRT I o © o I o 2 o o o o 9 
1952 0 A: I I I I I o o I I o o 10 
1953 3 mA UT 5 o I o o o o o I o o 2 
1954 I | ao o o o o o o o o o o I 3 
1955 2 3281 DET I I 4 o o o I o I 17 
a [oie] Gayl SH seen ee] 
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6 HH _ a 
I 4 = = 7 
2 Saum sisisIs| |s s| Is 1 
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m — EERIE [je] 
gr | | 2 ct en 
F IL DT an 
4 = | 4 tt al | 
| | any { 
2t+ u +—t | 
r ririr r r r 
0 + 
en: nt 
à tot | 
6 +++ t+ 
I 4 on 1] Tr 
217 Ts) Is r rl | ] 
0 
+ +t et 
8 — 
6 my X! 
N 4 + + | ] 
2 tre rl frie] ielele Trlr] r 
0 
od Es Lee | | 
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Fig. 12. Debris records during a “quiet” month. 
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days. A study of the meteorological conditions 
makes this quite possible. 

Tables III and IV contain some data showing 
the different observations with respect to the 
magnitude and distribution among the differ- 
ent years and stations. 
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Fig. 13. Decay curves from fig. 11 corrected for back- 

ground radiation. The lower curves (left scale) show 

the ionization observed in the chamber in ion pairs 

per cm® and sec. and the upper curve (right scale) the 

decay calculated from the five last points on the lower 
curves. 
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A survey of the records of 1951—1955 
together with the decay curves obtained and 
the meteorologic data prior to the more marked 
increase of radiation will be reported in a sub- 
sequent communication. 
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Fig. 14. y radiation records during August 1953. The 
peak in curve III corresponds to ca. 1.5 curies fission 
products per sq. kilometres of 5 days age. 
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Abstract 


1. New results of chemical analyses of natural aerosol particles in Florida and in the Boston 
area are presented. 

2. These data are compared with the results obtained earlier at various other locations. The 
continental and maritime components of NH,, Na, Cl, SO,, and NO, can be separated for 
two different size ranges, viz. large particles (radius 0.08 u to 0.8 u) and giant particles (radius 
0.8 u. to 8 u). It is found that the continental influence on aerosols extends far into the ocean. 

3. The nitrate content of the particles presents an especially interesting problem, since it 
appears that the major part of NO, stems neither from a continental nor from a maritime 
source, but from a certain area along the coast. 

4. A comparison is made of the total amounts of material found in the large and the giant 
particles of the various locations. Information gained from this comparison provides the basis 
for conclusions regarding the size distribution of aerosols. A pronounced difference between 
maritime and continental distributions becomes evident in this case. 

5. The concentration of the corresponding gas traces of NH3, SO,, nitrogen oxides and 
chlorine components were measured in Florida and at other locations simultaneously with the 
chemical analysis of the aerosols. For most components the concentration of these gas traces is 
considerably higher than that for the corresponding substances in the aerosols. The importance 
of these findings for air chemistry is discussed. 


Introduction 


A series of investigations dealing with the 
chemistry of natural aerosols and gas traces 
has recently been made under widely varying 
geographical conditions. Detailed reports of 
early measurements have already been pub- 
lished (JUNGE 1953, 1954, 1955 a). This paper 
contains the results of measurements made in 
Florida and in the vicinity of Boston; its main 
concern, however, is to present a critical survey 
and general conclusions. 

The investigation was concerned chiefly 
with the chemical analysis of two different 
particle size ranges of the natural aerosol for 


NH}, CI, SO;~, NO;, NO;, and Nat 
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(JUNGE 1953, 1954).1 Additional measurements 
of the traces of gases such as NH, SO», 
nitrogen oxides, and chlorine components 
were made in Florida, on the Island of Hawaii, 
and, to some extent, in the vicinity of Boston. 
The major effort was directed towards a 
better understanding of the relative importance 
of the continental and maritime sources of 
chemical trace substances. In some respects, 
the total number of observations is still small 
and insufficient; nevertheless, general and 
interesting features become evident in this 
special field of meteorology. 

1 The + and — symbols, indicating that we analyzed 


for the ions in aqueous solutions, are omitted later in 
this paper, for simplicity. 
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Methods 


A detailed description of the methods used 
for the analysis of aerosols and of gas traces 
was given in (JUNGE 1954) and (JUNGE 1955), 
respectively. Only a few important points 
essential for an understanding of the results 
and conclusions given below need be men- 
tioned here. 


The aerosols are sampled in a two-stage 
cascade impactor, which separates the two 
radius ranges 0.08—0.8 u and 0.8—8 u. Ac- 
cording to the nomenclature generally ac- 
cepted, particles with radii below o.1 are 
called Aitken nuclei, those with radii between 
o.t and 1.0 u, large nuclei, and those with 
radii above 1.0 y, giant nuclei. Our impactor 
therefore covers rather closely the size range 
of large and giant nuclei. 


The particles are precipitated on dry and 
clear plexiglass disks where they stick, since 
most of them are droplets at normal humidities. 
The soluble matter of these samples is removed 
with a droplet of distilled water and analyzed 
by spot tests. The amount of insoluble matter, 
which is considerable at some continental 
locations, could not be measured. The com- 
ponents NH,, Cl, SO,, NOs, and Na represent 
a considerable fraction of the soluble materials 
in natural aerosols. Rain water analyses 
indicate that Ca, K, and Mg may also contribute 
to the soluble materials. In a few cases we 
analyzed for Mg; however, we did not try to 
analyze for Ca and K because of a lack of 
adequate spot tests. 


The gas traces are sampled in special bubble 
tubes after removal of the aerosols by Mıtu- 
pore? filters. The efficiency of these filters 
was carefully checked under field conditions 
(JUNGE 1955 a). It was shown that the small 
fraction (< 1%) of particles from all size 
ranges that pass through the filters does not 
influence the measured values of the gas traces. 


It takes several hours to obtain a set of 
adequate aerosol and gas samples, depending 
on their concentration. Several sets of pumps, 
impactors, and bubble tubes were used so as 
to obtain nearly simultaneous samples of the 
different components. 


_ + Trade name for special cellulose ester filters, manu- 
factured by Millipore Filter Corporation, Watertown 
72, Massachusetts. 
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Results of Measurements Made in Florida 
and Hawaii 


The detailed data of the measurements made 
on Hawaii will be published elsewhere (JUNGE 
1955 a); however, they are so closely related 
to the Florida measurements that a joint 
discussion here is justified. 

The measurements in Florida and on Hawaii 
were made during the trade wind season, 
July, August and October of 1954, respectively, 
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Fig. 1. Florida analyses. Note the different scales of gas 
traces for NH,+, NO,-, and SO,--. S and L denote 
sea and land air, respectively. 
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so as to obtain data in pure maritime air 
masses. At both places the samples were 
taken on the east coast in onshore trade winds. 
To minimize the influence of land, the sampling 
sites were located right on the coast, that is at 
Homestead, Florida (40 miles southwest of 
Miami), and at Hilo on the Island of Hawaii. 
The samples were collected at hours when the 
sea winds were most favorable. At both sites 
the trade winds were not always very pro- 
nounced, sometimes calm and even blowing 
offshore, so that the influence of the land could 
not be excluded completely. However, in 
most cases it was possible to satisfactorily 
separate these samples from the pure maritime 
samples. 

Fig. ı shows the results for Florida. One 
complete set of analyses was obtained each 
day. L (land) or |S (sea) indicate the “origin” 
of the air, based on weather maps and the 
observation of local winds. The figures give 
the concentrations of the various components 
in micrograms (y=10 gr) per m? of air. 
The gas traces will be discussed later. 

The distribution of the various components 
is the same as in our previous measurements, 
especially those made at Round Hill: NH, is 


Table 1. Average concentrations for Florida. 
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confined almost exclusively to large particles; 
NOs, on the other hand, to giant particles. 
There was no exception to this rule during 
the fourteen-day period. The sulfate values lie 
at the limit of detection (the analysis of sulfate 
being the most insensitive) and are, therefore, 
not very reliable. Chloride was found to be 
concentrated almost completely in giant 
particles. A slight trace was found at the limit 
of detection for the large particles only on 31 
July. An interesting finding is the observation 
that nitrates and chlorides are confined to the 
same particle size. This is in agreement with 
our findings at Round Hill. 

It might be mentioned here as a matter of 
curiosity that during the last three days, 
beginning with 31 July, the aerosol samples 
of both sizes contained considerable, though 
decreasing amounts of reddish-yellow dust. 
Investigation of the weather maps ruled out the 
American continent as the source of this dust. 
Very steady easterly (trade) winds prevailed 
at all levels above the Atlantic Ocean during 
this period. It is very probable that this dust 
was carried across the Atlantic from West 
Africa, where several dust storms had occurred 
during the first half of July. It is a well-known 


The figures in parentheses are the average 


limits of detection. All values in y/m° 


NH, 
Kind and number of data 


0.085 0.036 | 5.05 

INA CSN ESA RES oc lo lo 

Values with sea breeze (7) ee eer es 
12 .038 : 

Values with land breeze (6) ah N ios 


NO, Cl 


Large P. | Giant P. | Gas | Large P. | Giant P. | Gas | Large P. | Giant P. | Gas 


0-030 0.32 2.70| 0.050 1-49 1.57 
(0.030) | (0.030) | (0.3) | (0.048) | (0.048) | (0.3) 
0.033 0.33 2.25, |0.,0:041 2.35 2.23 
(0.033) | (0.033) | (0-3) | (0.38) (0.038) | (0.25) 
0.026 0.31 3-2 0.059 0.500 | 0.80 
(0.26 (0.026) | (0.3) | (0.058) (0.059) | (0.35) 


—————— zz er 
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0-074 1.26 
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0.048 0-34 
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fact that dust from the Sahara desert, carried 
aloft by strong winds, can be transported to 
places such as Central Europe, the Azores, and 
the Cape Verde Islands. In this case, however, 
it must be assumed that the dust was carried 
all the way across the Atlantic Ocean below 
the inversion layer. It is surprising that it was 
not washed out by the trade-wind showers. 

In table 1, average values are computed for 
all samples and for land and sea air, separately. 
The value of 20 July was excluded, because 
the exceptionally high concentration of nitro- 
gen oxides suggested some local contamination, 
probably from Miami. The values of table 1, 
as well as those of the other tables, are com- 
puted in the following manner. When a 
component does not show up in the analysis, 
it may only be stated that it is not present 
above the limit of detection, which varies with 
every component and with the volume of air 
used in the sample. In the computation of the 
average values, this limit of detection is 
substituted for zero and the maximum values 
are thereby obtained. The average limits of 
detection are also computed and listed in 
parentheses. The difference between both 
values, therefore, is the minimum value. If 
both figures are equal, nothing is found above 
the limit of detection. 

In table 1 the land winds show a little higher 
NH, content for large particles and a lower 
Cl content for giant particles. No difference 
is observed in the case of nitrate. 

On five days the aerosols were checked for 
NO, and no trace was found above 0.03 u/m?, 
the limit of detection. This is in agreement 
with our results from Frankfurt and Round 
Hill. We believe it can be stated rather defi- 
nitely that, under normal conditions, no NO, 
is present in natural aerosols. No further 
checks, though, were made on Hawaii. 
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Fig. 2. The Cl and the Na contents of giant particles 

(Florida), plotted against the line of sea water. The 

limits of accuracy are indicated by a line for each pair 
of values. 


In Fig. 2 the chloride values are plotted 
against the sodium values for giant particles. 
Each value is represented by a line, which 
indicates the limits of accuracy. Within these 
limits, the chloride-to-sodium ratio equals that 
of sea water. This agrees with other observa- 
tions made near the ocean (TWOMEY, 1954) 
and shows that particles of this size do not 
decompose very rapidly. This result is of 
interest in view of the recent observations of 
strong deviations of the Cl/Na ratio in rain 
water over Scandinavia (ROssBy, EGNER, 1955). 


Table 2. Average concentrations for Hawaii. The figures in parentheses are the average 
limits of detection. All values in y/m° 


NH, NO; Cl SO, 
Large | Giant Large | Giant Large | Giant] , Large | Giant 
BP a ee Gel p |p. || | > | Gas 

ES RE WERNER EEE, ees es es See eee A a lie... 
A 1 
eed: bret ica 0.026 | 0.021 | 2.45 | 0.026 | 0.064 | 3.90 | 0.093 | 4.96 | 1.92 0.31 | 0.79 1.10 
PE Di ot ee (0.021)| (0.021)| (0.3) | (0.022)| (0.022)| (0.3) | (0.038)| (0.038) (0-3) | (0.31) | (0.31) | (0-3) 
Number of values 14 14 14 14 14 14 10 10 14 10 Io 14 
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It may be mentioned, however, that our 
Round Hill measurements indicated greater 
deviations of this ratio for giant particles. 
We believe that this departure from the sea 
water value is due mainly to independent 
sources of sodium or chloride over the conti- 
nent, rather than to decomposition (KALLE, 
1953/54). However, further observations are 
necessary to clarify this interesting question. 

On the basis of the results of Fig. 2, sodium 
analyses on Hawaii were discontinued. 

The presence of NH,, SO,, and NO, even 
in the maritime air of Florida, raised the 
question as to whether this still pointed to some 
continental influence. To investigate this 
further, measurements were made on the 
windward side of the Island of Hawaii. Here, 
in the center of the Pacific, any continental 
influence should be reduced to a minimum. 

Table 2 gives the average values for Hawaii. 
Only those measurements which were repre- 
sentative of pure maritime air and not in- 
fluenced either by the Island or by the heavy 
sea-spray production of the surf were selected 
(cf. JUNGE, 1955 a). Compared with table 1, 
the NH, content of large particles and the 
nitrate content of giant particles is further 
decreased. The data on the gas traces will be 
discussed later. 

The measurements made on the slopes of 
Mauna Kea (Hawaii) at an altitude of 9,500 
feet (i.e. well above the inversion layer, which 
is normally located at about 5,000 feet) are 
especially interesting. To avoid any contamina- 
tion by convectively rising air streams along 
the slopes of this dead volcano, the samples 
were taken only during the night when well- 
developed downslope winds appeared; this 
guaranteed a sampling representative of the 
air masses at that level. The concentration of 
aerosols was so small that the material on the 
impactor plates had to be accumulated over a 
period of twenty-seven hours in the course of 
four consecutive nights. Because of technical 
difficulties, only two samples were obtained, 
which were analyzed for Cl and NH,. 

Table 3 shows that no Cl was found above 
the limit of detection, which was very low 
here because of the large air volume involved. 
In the size range of large particles, NH, 
clearly predominates and the Cl concentration 
can be no larger than 14 per cent of the NH, 
concentration. However, quite contrary to the 
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Table 3. Aerosol data of 9500-foot level (Hawaii) 


NH, Cl 


Large particles | 0.003 + 0.0008 |< 0.00062] y/m$ 


Giant particles | 0.00085 limit |< 0.00062| y/m° 


results below the inversion layer, the giant 
particles also show a higher NH, concentration, 
although this value is already near the limits of 
detection. This analysis may be considered as 
fairly representative, inasmuch as it represents 
an average value over four nights; it indicates 
that nuclei other than sea-spray particles 
predominate in the subsiding air masses o 

these latitudes. 


Comparison of Data from Various Locations 


We will now compare the results obtained 
in Florida and Hawaii with those of Frankfurt 
and Round Hill (Junge, 1953, 1954). Interesting 
features become visible when we arrange the 
data in the order of decreasing continental and 
increasing maritime influences, as done in 
Figs. 3 and 4. 

The winter values obtained at the outskirts 
of Frankfurt under very stable weather 
conditions and with a pronounced inversion 
layer represent the measurements most subject 
to influences of industry and other human 
activity. Because of more intense mixing, 
horizontally and vertically, the summer values 
in Frankfurt are less contaminated. Round Hill 
is located on a fairly isolated section of the 
coast between Boston and New York; never- 
theless, the air masses of this location are still 
influenced by the industrial and the populated 
areas of the northeastern U.S. The Island of 
Hawaii naturally has a more pronounced 
maritime character than Florida. 

Due to the low concentration of some 
components, we have also plotted the average 
limits of detection; the differences between 
these limits and the actual values are set off 
by shaded areas. The NH, value at Mauna Kea 
was also included. No NO, data had been 
obtained at Frankfurt. 

In Fig. 3, all components show a drop as one 
approaches more maritime areas. The slope of 
the SO, curve parallels that of NH, until one 
reaches the data for Florida. From there on 
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Fig. 3. Survey of the results of our chemical analyses of 

large particles. For the low values the difference with 

respect to the limit of detection is indicated by the shaded 
areas. 


the relatively high limit of detection made 
successful SO, analyses difficult or impossible. 
Line b—b represents the SO, concentration, 
calculated under the assumption that all NH, 
would be present as (NH,),SO,. The actual 
SO, values are a little higher at most points, 
but generally the agreement is rather good, 
indicating that either (NH,)zSO,, NH,H SO,, 
or a mixture of both is the predominant 
soluble substance of the large nuclei. We 
believe that the same result would have been 
found for Hawaii and Mauna Kea, too, had 
there been a better analytical method for SO, 
available. 

The pronounced drop of Cl ceases in Florida 
and is reversed on Hawaii. It will become 
evident later that the maritime Cl concentra- 
tion of the large nuclei is about 1.5 per cent 
or less than that of the giant particles. This 
figure applied to the Cl curve in Fig. 4 yielded 
the line a—a. This estimated value is much 
less than the observed Cl concentration over 
the continent; this leads one to conclude that 
the source of the large Cl nuclei over the 
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Fig. 4. Survey of the results of our chemical analyses of 

giant particles. For the low values, the difference with 

respect to the limit of detection is indicated by the shaded 
areas. 


continent cannot be maritime. This fact is 
important when conclusions about the origin 
of air masses are drawn from the presence of 
Cl particles. The small maritime Cl in this size 
range first becomes predominant upon reaching 
such marked maritime places as Florida. 

We may summarize the results of Fig. 3 as 
follows. All components of the large nuclei, 
including Cl, are of a continental origin, with 
the exception of a small amount of sea spray, 
which is found only in places with very pure 
marine air masses. The major constituents in 
this size range are NH, and SO, which are 
present probably as a mixture of (NH,),SO, 
and NH,H SO,. The curves show that the 
continental influence extends far into the 
oceans, so that some remnants can be dis- 
tinguished, even on Hawaii. 

Fig. 4 gives the data for the giant nuclei. 
NH, and NO, show a trend similar to Fig. 3; 
Cl, on the other hand, behaves quite differently, 
for it increases continuously with maritime 
influence, indicating its maritime origin. It is, 
of course, incidental that the value on Hawaii 
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is higher than that in Florida, a difference that 
depends on the average wind speed and 
probably on some influence of the surf. 

The behavior of the SO, component is 
similar to that of Cl in Fig. 3. At first, the SO, 
drops roughly parallel to NH,, though the 
ratio SO,/NH, is higher than in Fig. 3. The 
rise in the Hawaiian value can be accounted 
for by the SO, content in sea water. The line 
a—a depicts the SO, content calculated from 
the Cl curve according to the composition of 
the sea water. It agrees satisfactorily with the 
observed SO, value from Hawaii, though it 
is already lower in such maritime regions as 
Florida. 

The results of Fig. 4 may be summarized as 
follows. In places of a distinct continental 
nature, sulfate is the most important soluble 
component of the giant particles; however, 
as one approaches the coast, one finds that the 
sea spray becomes predominant. 

We think that Figs. 3 and 4 give a fairly 
clear picture of the geographical distribution 
of the chemical composition of our natural 
aerosols. It becomes evident that the old 
controversy about the predominant role of the 
continental or maritime nature of the nuclei 
can be settled for limited size ranges only. 
Almost all the large particles are of a continental 
origin, even over the oceans. Near the coasts 
and over the oceans, the giant sea-spray 
particles become the predominant component. 


The Origin of Nitrate 


Figs. 3 and 4 show that NO, is concentrated 
predominantly in the giant particles. The 
similarity in size limitation to the sea spray 
suggests that it might come from a maritime 
source; on the other hand, the concentration 
decreased with increasing maritime influence. 
This points to a continental origin. For further 
study of this subject, a series of nitrate analyses 
was made near Boston under various weather 
conditions. 

The measurements summarized in table 4 
were made from February through May of 
1954 in West Newton, a rural residential 
section twelve miles west of Boston. The air 
masses were defined according to the main air 
trajectories, viz. continental with winds SW 
through W to NNE, otherwise maritime. The 
continental air masses were transported almost 
Tellus VIII (1956), 2 
2601896 


133 


Table 4. NO;- concentration (in y/m?) in the aerosols 
for West Newton, Mass., U.S.A. Figures in paren- 
theses are the average limits of detection 


Air mass and Large Giant 
number of values particles particles 
Continental 2375... 0.030 0.053 
(0.030) (0.030) 

Maritime®27)..5. «45 0.038 0.690 
(0.030) (0.030) 

Indifferent: 72.2... 0-110 0.320 
(0.030) (0.030) 

PNI WANN Cb voc 0.052 0.370 
(0.030) (0.030) 


exclusively by west-to-northwest winds, and 
were thus not influenced by local industrial 
sources. Southerly or southeasterly winds 
brought the maritime air masses; hence, in 
most cases, they had not passed over Boston. 
A few days with fair weather and calm winds 
were labeled indifferent. 

The results are rather striking. The average 
value of nitrate in the giant particles (0.37) for 
ali cases is already lower than that found at 
Round Hill (cf. Fig. 4). The value for the 
continental air masses (0.053), however, is even 
lower than that of Hawaii (0.064) in the same 
figure. On the other hand, the maritime air 
masses have values (0.69) equal to the highest 
found at Round Hill (0.70). 

These data show that the continent cannot 
be the source of the nitrate. It is possible that 
the nitrate is a product of the air pollution of 
large cities and industrial areas and thus shows 
up at Round Hill and West Newton in south- 
erly air masses that may have passed over the 
New York or Boston areas on their way 
northward. Although this possibility was not 
very likely at either location, considering the 
trajectories of the air masses, we nevertheless 
investigated this point further. Over a period 
of fourteen days, we made simultaneous 
measurements at West Newton and in the 
center of the city of Boston (tables 5 and 6). 
Concurrent data on NH, were obtained to 
show the degree of pollution. The difference 
between the NO, in the giant particles of the 
two locations is small by comparison with the 
differences of the corresponding NH, values 
of the large particles. We must conclude that 
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Table 5. NO,- and NH,- concentration for Boston 
and West Newton. Average vaules of fourteen days 


in y/m? 
NO; NH, 
Large | Giant | Large | Giant 
Particles Particles 
BOSOM otooas 0.12 0-35 2235 0.19 
(0.03) | (0.03) | (0.04) | (0.04) 
West Newton | 0.086 0.30 0.79 0.07 
(0.03) | (0.03) | (0-04) | (0-04) 


Table 6. NO,- and NH,- concentration for Boston 
and West Newton with fair weather in y/m? 


NO, NH, 


Large | Giant Large| Giant 


Particles Particles 
Bostonmecer 0.30 | I-00 | 10.0 0.5 6 
(0.03)| (0.03) | (0-04)} (0.04)|| © © 
West Newton] 0.10] 0.70 1.00| 0.05 Ed 
(0.03)| (0-03) | (0.04)| (0.04)|) “ 
IBOSEOMM a 2: <0.03| 0.90 9-00] 0.50]}) | 
(0.03)| (0.03) | (0.04)] (0.04) \ ‘f 
West Newton| 0.50] 0.50 1.00 |<0.04 = Ce] 
(0.03)| (0.03) | (0.04)| (0-04) 


Boston, at least, represents no great source of 
NOs. This is illustrated even better by table 6, 
where two days with very stable air and calm 
winds have been selected from the series. The 
samples were taken under the most favorable 
conditions, i.e. in the morning when the dust 
cloud had its greatest concentration prior to 
the onset of the daytime convection. In this 
case, the NO, concentration is a little higher in 
Boston; this points to some industrial sources. 
At the same time, however, the NH, content 
is about ten times higher, a phenomenon that 
indicates that the NO, source is fairly in- 
efficient compared to the total pollution. 

We may summarize the results for the NO, 
content as follows. 

1. With but few exceptions, the nitrate in 
or near Boston was always concentrated in 
giant particles. 

2. Lowest concentrations were found at the 
center of the ocean and in pure continental 
air masses. 
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3. The highest concentrations were found 
in maritime air masses on the east coast of the 
USA 

4. Cities and industrial areas do not represent 

great sources of NO. 
These observations are supported by a study 
of the aerosol composition of American cities 
carried out by the U.S. Public Health Service 
(CHAMBERS, FoTER and CHOLAK, 1955). The 
cities show only slightly higher NO, concen- 
trations than do nonürban areas. Only two 
exceptions were found: Los Angeles and San 
Francisco, where the values departed consider- 
ably from the general level. Both places are 
located in coastal areas. 

We believe that the nitrate is formed by 
oxidation of NO, to NO, when sea-spray 
aerosols mix with continental air masses in 
coastal areas. Although the nitrates are not a 
particularly important component in the 
composition of atmospheric aerosols, their 
origin presents a very fascinating problem and 
will thus continue to be investigated. 


Comparison of the Total Amounts of Aerosols 


Table 7 gives a summary of the total amount 
of soluble substance found by our chemical 
analyses. The figures are not strictly comparable 
because no analysis for NO, and Na was made 
in Frankfurt and none for Na on Hawaii. On 
the Island of Hawaii and in Florida it is difficult 
to give a reasonable value for the large particles, 
because a number of components were below 
the limit of detection. The values given in 
Table 7 are maximum values, obtained by 
inclusion of the limits of detection, which are 
influenced chiefly by the SO, method. The 
difference between these values and those of 
the average limit of detection gives us the 
lower limit. 

From these data we can draw some inter- 
esting conclusions regarding the size distribu- 
tion of aerosols.In (JUNGE, 1953) it was demon- 
trated that the log number distribution of aero- 
sols over continents for particles with radii larger 
than 0.08 w can be well approximated by the 
formula dN/d logr=C  rP. In this equation, 
N is the total number of all particles ranging 
from the lowest limit up to radius r, C and 
P are constants, with the latter being equal to 
approximately 3. The total number of particles 
in the radius interval logr to log r+d log r is 
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Table 7. Total concentration (in y/m?) of soluble substance in aerosols for various locations 
exter a ee, i ea ee Ee Cree 


L 4 
Place and number of values Be N et Components analyzed 
Frankfurs — winter .......... 28.00 4.60 NH, SO, Cl 

12 

Krankfurt = Summer... 1... 6.11 3-07 NES OZ CI 

25 

INGA OUP ony RS Sauce she 5.50 4:30 NE SO CH Na, NOs; 
27 

TROT Ake ss een ot 0.55 3-00 NH, SO, Cl, Na, NO; 
13 (0-45) *) 

TEER ENDE ee RE 0.45 5.84 NH, SO, Cl, NO, 

10 (0-39) *) 


!) Average total limit of detection, given essentially by the high value of the sulfate analyses. 


thus (dN/d logr) d logr. The log scale was 
chosen simply because of the wide range of 
the r values from about 0.005 to about 20 u, 
which is nearly four orders of magnitude. 
Multiplication by 4/3 x r? gives the log 


volume distribution 


With B=3, Note is constant. Within equal 


intervals log r, one may expect equal volumes 
or, in the case of a constant density of the 
aerosol material, equal masses. For this reason, 
our impactors were adjusted to collect the 
two particle-radius ranges 0.08—0.8 u and 
0.8—8 u at normal humidities, so that A logr 
=1. If B is equal to 3, the total mass of the 
large and the giant particles collected should 
be equal. We see from table 7 that this almost 
holds true for locations such as Frankfurt and 
Round Hill, but large deviations occur in 
Florida and on Hawaii. 

These facts are demonstrated in Fig. 5. The 
solid line represents the log number distri- 
bution for B=3. The radii 0.25 and 2.5 
represent the center of gravity for both size 
ranges. Since we are interested here only in 
the shape of the curve (and not so much in 
the absolute values of particle numbers) we 
keep the value for the giant particles fixed. If 
the mass of the large particles is the same, the 
log number concentration can be represented 


by the solid line. This is indicated by the 
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encircled dot lying on the solid line. If the 
mass of the large particles is larger (Frankfurt), 
these particles are more numerous than the 
solid line indicates and vice versa. For Florida 
and Hawaii we can only give the range be- 
tween the maximum and the minimum values 
by a vertical line, the center of which is marked 
by a cross. However, these values still do not 
represent the pure maritime component. We 
know from the analyses that even in Florida 
and on Hawaii sea spray makes up only a 
fraction of the large particles, which could 
be estimated. Electron-microscope pictures 
made of large nuclei in Florida indicate that 
only about 10 per cent can be identified as sea 
spray. On Hawaii we did not make electron- 
microscope pictures, but obtained the mass 
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Fig. 5. Interpretation of the total-mass values of chemical 
analyses in terms of the size distribution of aerosol par- 
ticles. 
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ratio of the large to the giant sea-spray particles. 
Taking into account all measurements, re- 
gardless of whether there was a small trace of 
Cl in the large particles or not, we found that 
in a pure maritime aerosol the CI concentration 
of the large particles is<1.5 per cent of that of 
the giant particles (cf. JUNcE, 1955a for 
detailed data). Using these values, we obtained 
the two points marked “Cl component” in 
Fig. 5. Considering the different localities and 
methods of estimation, the values show a 
satisfactory agreement. The dashed line repre- 
sents the probable distribution of the pure 
sea-spray particles that would satisfy these 
values. This is, of course, only a very rough 
approximation, but since no direct size- 
distribution counts below a radius of one 
micron have been made in maritime air, this 
curve offers us the first information that we 
possess. The marked departure from the con- 
tinental size distribution is obvious. 

We believe that this basic difference should 
influence the condensation process in clouds, 
and may account for the different behavior 
of continental and trade-wind cumulus in rain 
formation. Plans are being made to investigate 
this question more carefully in the future. 

We have included Fig. 6 (already published, 
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Fig. 6. Log volume distribution of continental and mari- 

time aerosols. The curves for Frankfurt and the Alps 

represent continental conditions, the former approximated 

by a continental “model” distribution (see JUNGE, 

1955 b). The curves of Woodcock and Moore (misspelled 

in the Figure) and Mason represent maritime aerosols 
for various wind speeds in Beaufort. 
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see (JUNGE, 1955 b) for the log volume distri- 
bution which had been derived from the results 
of various observers. This figure quite clearly 
shows the complete lack of data on maritime 
aerosols below about 1 —y radius. We included 
the single point derived from our chemical 
analyses and extrapolated the marine curve for 
average wind speeds. Again the difference 
between the continental and the maritime 
aerosol distribution is evident. In coastal 
areas, of course, one may expect all kinds of 
intermediate distributions. 

In this figure we note that our chemical 
analyses of aerosol particles with radii from 
0.08—8 u cover fairly well the portion of the 
distribution that actually contributes to the 
aerosol mass. Further, we see that the small 
but numerous Aitken nuclei (radius below 
0.1 „) do not contribute very much to the 
total mass, although they outnumber by far 
all larger particles over the continents. 


Gas Traces 


Basically, chemical trace substances in the 
air can be present as particles (droplets or solid 
particles) and as gases. Air chemistry. is, there- 
fore, incomplete if we deal only with sub- 
stances concentrated in aerosols, or if the 
phases are not separated. The role of each 
component in the atmosphere can only be 
understood properly if independent measure- 
ments are made of each. Unfortunately, almost 
all previous work in air chemistry (e.g. 
CAUER, 1951, and EGNER, ERIKSSON, 1955) 
measures a mixture of particles and gases. A 
real step forward in the understanding of the basic 
processes in air chemistry can be gained only if 
aerosols and gases are measured simultaneously but 
separately, and if the aerosols, in turn, are separated 
according to size. 

For this reason, we have supplemented our 
aerosol investigations in Florida and on Hawaii 
by measurements of the gaseous equivalents 
of the aerosol components: NH3, SOs, nitrogen 
oxides, and chlorine components. The air was 
bubbled through wash bottles after removal of 
the aerosols by Millipore filters. Because of 
the very low concentrations, some difficulties 
arose which were only partially resolved. The 
filters adsorbed a fraction of the gases (about 
10—20 %). A certain (unknown) amount of 
the SO, was oxidized to SO, and escaped 
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analysis. Also, for chemical reasons, possibly 
only a fraction of all nitrogen oxides and of 
the chlorine components was measured because 
the catch solution was analyzed only for the 
ions NO, and Cl. All values must, therefore, 
be regarded as minima. Since we intend to 
demonstrate that the concentration of these 
gases is higher than that of the corresponding 
substances in the aerosol, these analytical 
defects are not too serious. The removal of the 
aerosols from the air entering the gas samples 
was carefully checked under field conditions, 
proving that the fraction of aerosol particles 
passing the filters was less than 1 per cent, and 
thus negligible (JUNGE 1955 a). 

For a better comparison with aerosols, we 
present all data of NH, as NH,, SO, as SO,, 
the nitrogen oxides as NO, and the (unknown) 
chlorine component as Cl. 

Fig. 1 shows the daily values of the Florida 
samples. Regarding the different scales for the 
particles and gases, we see that for NH,, NOs, 
and SO, the gas traces have concentrations 
about ten times higher than the aerosols. For 
Cl they are of the same order of magnitude. 
The NH,, SO,, and NO, gas components do 
not show much fluctuation from day to day. 
The exceptionally high NO, value of 20 July 
is probably due to some contamination from 
Miami, since on that morning we noted slight 
NE winds at the field site, located about 40 
miles SW of that city. The fluctuations of the 
Cl gas components are more pronounced and 
seem to parallel those of the giant particles. 

The results in Hawaii were very similar. The 
daily fluctuations were also small. We there- 
fore give only the average values in Table 2. 
Comparison with Table 1 reveals that the 
concentration of SO, and NH, is about half 
as much as was observed in Florida. On the 
other hand, nitrogen oxides are a little higher 
on Hawaii. With the exception of Cl again 
and the SO, sea-spray component, the con- 
centration of the gases on Hawaii is higher by 
one to two orders of magnitude than the 
corresponding aerosol concentrations. 

These are interesting results. They indicate 
that the air chemistry in these maritime areas 
is largely controlled by the gas traces. The 
rain water in these areas, for instance, always 
contains NH, NO,, and SO,. Since the 
concentration of these substances in the aerosols 
is extremely small (Hawaii), a considerable 
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Table 8. Calculated equilibrium concentration of 
NH, over the sea water for Hawaii 


Near | - 
Distance from the coast the 3 a0 
miles | miles 
coast 
pH values of sea water .. | 8.08 | 8.11 | 8.01 


NH, content of sea water 
INS ES ee ee 36 37 44 


Calculated equilibrium 
concentration of NH, in 
ChÉ NN Eee 


fraction of the rain-water content is probably 
due to the gas traces. This is strongly supported 
by the observation that the NO, and NH, 
concentration in rain water varies only slightly 
with time and increasing distance from the 
shore, in contrast to the Cl content which 
drops rapidly. 

It is, of course, too early to speculate about 
the origin of the gaseous components. We 
have a little more information only in the 
case of NH,. The NHy content in the sea 
water as well as the pH value! were measured 
as far as ten miles upwind off the coast of Hilo, 
Hawaii. From these data the equilibrium 
pressure of NH, in the air can be calculated 
(EGNER 1932) as in table 8. Our observed 
average NH, concentration of 2.45 y/m? is 
more than twice as high as the calculated 
values of this table. This would lead one to 
infer that the ocean acts as a sink for the NH, 
in the air and not as the source of it. How- 
ever, measurements made during the night at 
an elevation of 9,500 feet (i.e. above the 
inversion layer) on the slopes of Mauna Kea 
contradict this hypothesis. The measurements 
were made at night for the very same reason 
given above in the case of the aerosol sampling. 
Table 9 gives the average values, reduced to 
surface pressure, so that they can be readily 
compared with the other Hawaiian data in 
table 2. All values are about one-half as large 
as those at sea level. It is now generally ac- 
cepted that rather than a true material boundary 
the tropical trade-wind inversion is an easily 
penetrated internal interface generated by 
surface winds and subsiding air masses. 
Consequently, the gas traces should have the 


1 Mr. Erikson of the University of Stockholm kindly 
made these data available to me. 
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Table 9. Comparison of the average gas concentra- 

tions in y/m at sea level and on the Mauna Kea at 

9500 feet altitude, Hawaii. The data on the Mauna 
Kea are reduced to surface pressure 


NH, | NO; Cl | so, 

Sesh IVs 5 Gis en 2.45 | 3-90 || I-92 || 1.10 
Mauna Rear... 1.08.| 2.80 | 1-06 | 0.57 
limit 


same concentration above and below the 
inversion layer if the ocean would be without 
influence. Our data from Mauna Kea indicates 
that the ocean is a source, especially of NHs. 
This conclusion appears also to be supported 
by the small difference between the values for 
Hawaii and Florida. However, we saw above 
that the sea-water content of NH, does not 
permit this conclusion. It might be that this 
discrepancy is due to the presence of films of 
organic decomposition products on the surface 
of the sca. These slicks, which are frequently 
observed, may well liberate NH, into the air 
and, to some degree, into the water, thus being 
a source for both sides. Further observations 
are, of course, necessary before we will be 
able to understand these interesting inter- 
relationships. Table ro includes some data on 
gas traces, gathered at Ipswich, in a rural 
surrounding, forty miles north of Boston. 
These data are fairly representative of conti- 
nental conditions. The values for SO, were 
not reliable enough and thus have been ex- 
cluded. No simultaneous aerosol measurements 
were made. 

We see that the NH, concentration is about 
equal to that of Florida and Hawaii; whereas, 
the nitrogen oxides and the Cl-component 
are slightly higher. Although the increase is 
small compared to that of the corresponding 
substances in aerosols, which may be estimated 
from Figs. 3 and 4, it nevertheless appears that 


Table 10. Gas concentrations in y/m? for Ipswich; 
average from nine individual measurements, 
December—January 1954/1955 


NH, | 


4:95 | 3.90 | 4:40 
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Fig. 7. Percentage of SO, of the total sulfur content of 

the air in polluted smelter- areas as a function of the 

concentration, which is calculated as sulfate per cubic 

meter for comparison with the previous results. Data of 
Katz (1952). 


the concentration of gas traces are again higher 
than those of aerosols. 

The lack of adequate data on the ratio of 
SO, to SO, in the aerosols may be compensated 
for by Fig. 7, which gives results from polluted 
atmospheres, according to Katz (1952). Cities 
and industrial areas can be considered as a 
major source of SO, over land and the ratio 
of SO, in aerosols to SO, at this very source 
is interesting. About 80—90 per cent of all 
sulfur is present as SO,, but the way these 
data were obtained suggests that this is a 
minimum value and that the true SO, per- 
centage is still higher. The important result is, 
that the percentage is independent of con- 
centration and that we found e.g. in Florida 
values of the same order of magnitude for the 
much lower concentrations in pure atmos- 
pheres. 

These data are not complete enough to 
provide the basis for any definite conclusions; 
however, it seems that the concentration of 
such gas traces as SO, NH,, nitrogen oxides 
and Cl-components are higher than the 
corresponding componentsän the aerosols over 
a wide variety of geographical locations, 
ranging from extreme continental to extreme 
maritime areas. This strongly suggests that, 
with the exception of the sea-spray Cland SO,, 
the gas traces are the primary sources of these 
substances in the aerosols. Current laboratory 
investigations seem to indicate that the essential 
process in the fixation of these materials in the 
aerosols occurs as the result of condensation of 
water vapor. The presence of NH,, SO,, and 
perhaps NO, would thus indicate that these 
particles are evaporated fog, cloud, or rain 
droplets. These are important problems dealing 
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with the very question of how our atmosphere 
is able to rid itself of the gaseous substances 
that are constantly being produced both 
artificially as well as naturally. Cities and 
industrial areas obtain immediate relief from 
their concentrations of pollutants through 
mixing with the unpolluted air of their 
surroundings, i.e. as the result of a large-scale 
mixing process. However, this process does 
not remove the material from the atmosphere. 
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With the rapid, continued growth of industry, 
the second problem, i.e. the efficiency of the 
natural cleaning process of the atmosphere by 
water condensation, rain, etc. assumes in- 
creasing significance. 
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Abstract 


The most recent calculations of the infra-red flux in the region of the 15 micron CO, band 
show that the average surface temperature of the earth increases 3.6° C if the CO, concentration 
in the atmosphere is doubled and decreases 3.8° C if the CO, amount is halved, provided that 
no other factors change which influence the radiation balance. Variations in CO, amount of 
this magnitude must have occurred during geological history; the resulting temperature changes 
were sufficiently large to influence the climate. The CO, balance is discussed. The CO, equilib- 
rium between atmosphere and oceans is calculated with and without CaCO, equilibrium, 
assuming that the average temperature changes with the CO, concentration by the amount 
predicted by the CO, theory. When the total CO, is reduced below a critical value, it is found 
that the climate continuously oscillates between a glacial and an inter-glacial stage with a period 
of tens of thousands of years; there is no possible stable state for the climate. Simple explanations 
are provided by the CO, theory for the increased precipitation at the onset of a glacial period, 
the time lag of millions of years between periods of mountain building and the ensuing glacia- 
tion, and the severe glaciation at the end of the Carboniferous. The extra CO, released into the 
atmosphere by industrial processes and other human activities may have caused the temperature 
rise during the present century. In contrast with other theories of climate, the CO, theory 


predicts that this warming trend will continue, at least for several centuries. 


1. Introduction 


In 1861, TYNDALL wrote that “if, as the above 
experiments indicated, the chief influence be 
exercised by the aqueous vapour, every varia- 
tion of this constituent must produce a change 
of climate. Similar remarks would apply to the 
carbonic acid diffused through the air... 
It is not, therefore, necessary to assume altera- 
tions in the density and height of the atmos- 
phere to account for different amounts of heat 
being preserved to the earth at different times; 
a slight change in its variable constituents 
would suffice for this. Such changes in fact 


1 This work was sponsored by the U.S. Office of 
Naval Research. This article was completed while the 
author was on leave of absence at Michigan State Uni- 
versity, East Lansing, Michigan. Present address: Systems 
Research Corporation, Van Nuys, California. 


may have produced all the mutations of 
climate which the researches of geologists 
reveal. However this may be, the facts above 
cited remain: they constitute true causes, the 
extent alone of the operation remaining doubt- 
ful.” A century of scientific work has been 
necessary in order to calculate with any 
certainty the extent of the influence of carbon 
dioxide. 

Although Tyndall was the first to attempt a 
calculation of the infrared flux in the atmos- 
phere, FOURIER (1827) had compared the 
influence of the atmosphere to the heating of a 
closed space beneath a pane of glass. The 
calculation by ARRHENIUS (1896) of the in- 
fluence of carbon dioxide on the temperature 
was the most extensive made during the 
nineteenth century. In a series of articles 
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CHAMBERLIN (1897, 1898, 1899) presented in 
detail the geological implications of the carbon 
dioxide theory. As a result of these early 
articles, during that period the carbon dioxide 
theory was probably the most widely held 
explanation of climatic change. 

In recent years the carbon dioxide theory 
has had relatively few adherents. Most authors 
have dismissed this theory with a remark 
similar to the following quotation from 
C.E.P. Brooks (1951): the carbon dioxide 
theory was “abandoned when it was found 
that all the long-wave radiation absorbed by 
CO; is also absorbed by water vapour.” This 
often quoted conclusion is based on early, 
approximate calculations of the radiation flux 
in the atmosphere. The results of more accu- 
rate calculations of the radiation flux have 
recently become available. Thus it seems 
worthwhile to reappraise the CO, theory of 
climatic change. A preliminary report of these 
results has been given by Prass (1953). 

Many authors believe that most of the world- 
wide climatic changes are caused primarily by 
variations of a single factor. In this article 
simple explanations are given in terms of 
the carbon dioxide content of the atmosphere 
for many of the known facts about climatic 
change. Although it seems significant that 
so many facts can be explained by the carbon 
dioxide theory, the possibility remains that 
variations in solar energy, volcanic dust in 
the atmosphere and the heights of the conti- 
nents may have had an important influence on 
the climate at particular places and periods 
in the earth’s history. 


2. Calculation of the radiation flux 


An extensive calculation of the radiation 
flux in the region of the 15 micron CO, band 
has recently been made by Prass (1956 b). Re- 
cent accurate laboratory measurements of the 
absorption in the CO, band by Croup (1952) 
were used to calculate the radiation flux in 
the atmosphere with the aid of the MIDAC 
high speed digital computor. None of the 
many approximations were used that had 
necessarily been made in earlier attempts to 
solve this complex problem. Accurate labora- 
tory absorption data, recent theoretical work 
and the availability of an electronic computer 
made it possible to obtain an accurate solution 
of this problem. 
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The method of calculation took into account 
the many properties of the line spectrum. 
In particular it was valid for: (1) any arbitrary 
variation from one spectral line to another of 
the spacing between lines and of the line inten- 
sity; (2) any degree of overlapping of the 
spectral lines; (3) the actual variation in the 
atmosphere of the half-width of the spectral 
lines with pressure. At the highest altitudes a 
correction for the Doppler line shape was 
introduced. Another correction took account 
of the variation of the line intensity and half- 
width with temperature. The reduction from 
beam to hemisphere radiation was made by 
a new, more accurate method. Certain restric- 
tions on the path-length for this method of 
calculation were checked against the experi- 
mental data. 

The accuracy of the results were checked at 
each stage of the calculation. The upward and 
downward flux in the atmosphere could be 
computed with the same accuracy as the 
original laboratory measurements. It is esti- 
mated that the calculated upward and down- 
ward atmospheric radiation flux is accurate 
to within 4 per cent; this figure includes an 
allowance for the additional corrections that 
must be introduced into the atmospheric 
calculation. Further details are given by Prass 


(1956 b). 


3. Temperature variations caused by changes 
in CO, concentration 


The upward and downward radiation flux 
was calculated by Pass (1956 b) for intervals 
of 1 km from the surface of the earth to 75 km 
and for three different CO, concentrations. 
From these results the change in temperature 
at any level can be calculated for a given 
change in the CO, concentration. It is assumed 
that nothing else changes that affects the radia- 
tion balance when the CO, amount varies. 
In order to obtain the temperature change it 
was assumed that an additional amount of 
heat energy equal to 0.0033 cal/cm? min 
would be radiated to space from the surface 
of the earth, if the average temperature in- 
creased by 1°C. Unfortunately this number 
cannot be calculated accurately until a detailed 
study of the H,O spectrum has been made. 
When a more accurate value for this number 
is obtained in the future, all the temperature 
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changes given here should be multiplied by 
the ratio of the new to the old values. 

With this assumption, Prass (1956 b) finds 
that, in order to restore equilibrium, the 
surface temperature must rise 3.6° C if the 
CO, concentration is doubled and the surface 
temperature must fall 3.8° C if the CO, con- 
centration is halved. It is also assumed here 
that no other factors change at the same time 
which can influence the radiation balance. 

If the CO, amount is doubled, ARRHENIUS 
(1896) calculated that the temperature in- 
creased about 6°C, while CALLENDAR (1938) 
obtained a 2° C increase. The values quoted 
here are larger than other recent calculated 
values primarily because: (1) the weaker lines 
far from the band center have an important 
influence and the entire frequency interval 
from 12 to 18 microns was included in the 
calculation; (2) the pressure broadening of the 
spectral lines was taken into account, which 
results in the radiation varying approximately 
as the square root of the CO, concentration 
(Prass and FIVEL, 1955 a) over a considerable 
portion of the frequency interval. 

The actual temperature change due to CO, 
variations is slightly smaller than the results 
given above for clear sky conditions. When 
clouds are present, the CO; is less effective in 
changing the net amount of radiation from 
the surface. In order to estimate the magnitude 
of this effect, Prass (1956 b) also calculated the 
temperature change at the earth’s surface for 
variations in the CO, amount when the lower 
cloud surfaces are at 4 and 9 km. When these 
values are averaged over a reasonable average 
cloud distribution for the earth, the result is 
obtained that the average surface temperature 
must increase by 2.5° C or decrease by 2.7° C 
when the CO, amount in the atmosphere is 
doubled or halved. 

The usual objection to the CO, theory of 
climatic change has been that, since the H,O 
absorbs so strongly in the same spectral region 
as CO,, the CO, can have little influence on 
the infrared flux. Until a more detailed study 
is made of the H,O spectrum and its influence 
on the atmosphere, it is not possible to in- 
vestigate this matter quantitatively. However, 
several considerations suggest that H,O has a 
much smaller effect than has generally been 
believed in recent years. In the first place, the 
mixing ratio of H,O decreases very rapidly 
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with height whereas the mixing ratio of 
CO, is nearly constant with height. Even 
if the H,O absorption were greater than that 
of CO, near the surface of the earth in certain 
frequency intervals, the H,O absorption would 
decrease with height very much more rapidly 
than the CO, absorption. Calculations by 
Prass and Fiver (1955 b, Figs. 1 and 2) have 
shown the magnitude of this effect. Thus, 
even a relatively short distance above the 
earth’s surface, the CO, controls the radiative 
flux in the frequency interval from 12 to 18 
microns. 

In the second place, it is important to take 
account of the structure of the individual 
spectral lines. The various lines in the spectrum 
of H,O and CO, occur at random with 
respect to each other. When this happens 
there are theoretical calculations and experi- 
mental measurements which indicate that the 
combined transmission is nearly the product 
of the individual transmissions of the two 
gases. Thus, changes in the CO, amount still 
cause appreciable changes in the transmission 
of the atmosphere. In order to obtain a more 
accurate estimate of this effect, a numerical 
calculation was made with the average line 
strength for H,O given by ELSASSER (1942, 
Fig. 19) and with the assumption that the 
H,O lines occur at random with respect to 
the CO, lines. The results of this calculation 
show that the temperature changes at the 
surface of the earth already given would not 
be decreased by more than 20 per cent because 
of absorption by H,O. Since the temperature 
change due to CO, variations would be 
further increased by 10 to 20 per cent from 
the additional spectral lines outside the 12 to 
18 micron region included in Plass’ calculation, 
this factor would at least partly cancel the 
H,O effect just discussed. Thus the values for 
the temperature change already given are 
probably as accurate as can be calculated at 
the present time and take into account all 
known effects of the structure of the spectral 
lines. 

The radiation calculations predict a definite 
temperature change for every variation in 
CO, amount in the atmosphere. These tem- 
perature changes are sufficiently large to have 
an appreciable influence on the climate. A 
relatively small change in the average tempera- 
ture can have a large effect on the climate; 
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Table 1. Major factors in the CO, balance at the 
present time 


tons/year 

Photosynthesisr +. 2. — 60 X 10° 
Decay, respiration ...... +60 x | organic 
Formation of new coal world 

beds and other organic | 

Geposits: ME CAE eee — 0.01 X 10° 
Weathering of igneous 

TOCRS NE ek — OI xX | : : 
Released from interior of Se 

earth by hot springs, | Lie 

VOLCANOES REC. Ame + 0.1 xX 109 
Combustion of fossil fuels; > 
clearance of forests; Br 
cultivation of land ..... + 6.0 X 10° es 


some geologists estimate that another period 
of glaciation would result from a drop of 3 or 
4° C in the average temperature. In order to 
explain climatic changes, it is necessary to 
understand the role of the various factors that 
control the CO, content of the atmosphere. 
In the next sections these factors are investi- 
gated together with the CO, equilibrium 
between the atmosphere and the oceans. 


4. The CO, balance 


Many authors have discussed the CO, 
balance in recent years. The fascinating book 
about climatic changes edited by SHAPLEY 
(1953) gives many of their results together 
with numerous references to the literature. 
Rupey (1951) has made one of the most 
extensive studies of the CO, equilibrium. Urry 
(1952) and Kurper (1952) have givena dis- 
cussion of the many factors that influence the 
amounts of various gases in the atmosphere. 

Estimates of the magnitude of some of the 
principal factors that influence the atmospheric 
CO, concentration at the present time are 
given in Table I. Most of these figures are 
known only to an order of magnitude; nat- 
urally, the estimates of different authors vary 
widely. An attempt has been made to average 
some of the more careful estimates for each 
factor. 

Estimates made by reliable scientists of the 
amount of CO, used in photosynthesis vary 
from 7 to 200 x 10° tons per year. Regardless 
of the exact value, in a steady state precisely 
the same amount of CO, must be returned to 
the atmosphere each year by all the processes 
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of respiration and decay of plants and animals, 
provided none of this CO, is permanently 
lost in forming new coal, oil and other organic 
deposits. At the present time, at least, the 
amount lost in this manner is very small 
compared to the CO, used in photosynthesis . 
and can be neglected in a discussion of the 
balance of factors from the organic world. 
Let us suppose that the steady state absorption 
and emission of CO, by the organic world is 
disturbed, for example, by a sudden increase 
in the amount of CO, in the atmosphere. The 
amount of CO, used in photosynthesis would 
increase, but in a very short time interval 
the processes of decay and respiration would 
also have increased. Since an average carbon 
atom that has been used in photosynthesis 
returns to the atmosphere from the biosphere 
in about 10 years and virtually all the carbon 
atoms return in 250 years, it follows that the 
factors from the organic world would again 
be in balance in a relatively few years following 
a change in the CO, concentration in the 
atmosphere. 

During geological history the amount of 
CO, lost from the atmosphere by the forma- 
tion of new coal beds and other organic 
deposits and by the weathering of igneous 
rocks and deposition of carbonates has varied 
widely, as has the CO, added to the atmosphere 
by such factors as the evolution of CO, from 
hot springs, volcanic vents, gas wells, and 
other sources. Since the variations in these 
factors occur independently of each other, 
the net gain or loss of CO, by the atmosphere 
from these factors must have changed fre- 
quently on a geological time scale. Although 
it is not always easy to deduce the net result 
of these many independent variations for a 
given epoch, the mere knowledge that these 
factors have changed many times in the past 
has important implications for studies of the 
climate. 

In recent years industrial and other activities 
of man are adding considerably more CO, to 
the atmosphere than any of the above factors 
from the inorganic world (Table I). The 
combustion of fossil fuels is adding 6 x 10° 
tons per year of CO, to the atmosphere at the 
present time. In addition such activities as the 
clearance of forests, the drainage and cultiva- 
tion of lands, and industrial processes such as 
lime burning and fermentation release addi- 
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tional amounts of CO, that are not included 
in the above estimate. This is a large enough 
contribution to upset the carbon dioxide 
balance and to increase the amount in the 
atmosphere appreciably. Some of this addi- 
tional CO, is used in photosynthesis, but as 
already discussed, very little of the extra CO, 
is permanently lost to the atmosphere since 
there is a corresponding increase in the rates 
of decay and respiration. Another part of this 
additional CO, is absorbed by the oceans; 
this factor is discussed in detail in the following 
sections. However, it seems probable that 
these losses are small at the present time. If 
this is true, then a major portion of the extra 
CO, from man’s activities will remain in the 
atmosphere and the CO, concentration will 
increase for at least several centuries to come. 
If this extra CO, is remaining in the atmos- 
phere, the concentration is increasing from 
this source at the rate of 30 per cent a century. 


5. CO, exchange between oceans and 
atmosphere 


Recent radiocarbon determinations (Kuıp, 
1952) have shown that deep ocean water at 
the latitude of Newfoundland was at the 
surface about 1700 years ago. Kulp states in 
SHAPLEY (1953) that “if this sample water 
started near the surface in the Arctic, then the 
rate of turnover of the oceans must be on a 
scale of at least 10,000 years.” Thus, the amount 
of CO, in the ocean and atmosphere must 
come to equilibrium after a change in the 
CO, balance in a period of time of this order 
of magnitude. 

Several excellent studies have been made in 
recent years of the equilibrium between the 
oceans and the atmosphere (SVERDRUP, JOHN- 
SON and FLEMING, 1942; RUBEY, 1951; DINGLE, 
1954). We have recalculated this equilibrium 
with the additional assumption that the average 
temperature of the oceans is determined by 
the CO, concentration in the atmosphere. The 
average temperature of the oceans at the 
present time was taken as 8° C; for half the 
present amount of atmospheric CO,, it was 
assumed that the average temperature of the 
oceans was lowered to 4.2°C. This is the 
same change in average temperature that a 
similar CO, variation causes on land. Similar 
changes in the ocean temperatures were 
assumed for other CO, concentrations. 
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The following equations were used to 
calculate the equilibrium between the gaseous 
CO, and the carbonates in the sea water: 


= 37) + 2[CO 47] + [H>sBO;7 
ne 


2270), CUS Ke: 


ps pe HR [H+] - 
- [OH] (2) 
[H,CO,] fAcoal D (3) 

das [H+ 
[HCO,-] u col, (4) 

RCE [H#] 

[CO,-]- , = a | (5) 

[H*] 
Pco, = Ben Nr (6) 

K, % am,o (: - ay) 


where [A] is the excess base, [Aco,] is the 
carbonate alkalinity, Ky’ is the apparent first 
dissociation constant of boric acid in sea 
water, K,’ and K,’ are the first and second 
apparent dissociation constants of H,CO,, 
ay,0 is the activity of water in sea water, and 
Pco, is the atmospheric CO, pressure. The 
remaining symbols have their usual meaning. 
The values of the constants were taken from 
the tables in Harvey (1945). 

It was assumed that the average ocean 
temperature is 8°C, the pH is 8.17 and the 
chlorinity is 19.5 % at the present time. With 
K,’ =0.76 x 1078, Ko’=0.73 x 107, az,0 = 0.981, 
%=0.0576 moles/l, it follows from (1—6) 
that Pco,=3.0 x 1074 atm. Since this value 
for Pco, agrees with the average carbon 
dioxide concentration that was measured in 
the atmosphere at the end of the nineteenth 
century, the usual values for the above con- 
stants lead to the conclusion that the atmos- 
phere-ocean system is nearly in equilibrium 
today. From (1—6) it also follows that at the 
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Fig. 1. Equilibrium amounts of CO, for the atmosphere-ocean system. The 
ordinate is the logarithm of the CO, pressure in the atmosphere; the abscissa 
is the corresponding total CO, amount present in both the oceans and atmos- 
phere at equilibrium. The solid curves are for the CO, equilibrium only; the 
dashed curves assume in addition that CaCO, equilibrium has been established 
in the oceans. Each set of curves is given when the oceans have a volume equal 
to 0.75, 0.90, 1.00 and 1.10 times their present volume. For the curves that 
assume CaCO, equilibrium, the abscissa marked in the lower and upper margins 
give the total CO, amount before and after CaCO, equilibrium respectively. The 
CO, pressure today is marked by the point “P’’. The points “G’” and “N” 
represent possible conditions when glaciers are forming and melting respectively. 
The dashed line between “G’’ and ‘N°’ represents the typical oscillations in the 
climate during a glacial epoch. 
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present time [CO,]=1.41x10-5 moles/l; 
[HCO;-]= 1.89 x 10-8 moles/l;and [CO,-] = 
= 0.204 x 107% moles/l. 

From the known volume of the oceans and 
the atmosphere it is found that there are 
130 x 1018 gm of CO, (in the form of carbo- 
nates and dissolved gas) in the oceans and 
2.33 x 1018 gm of CO, in the atmosphere or a 
total of 132 x 1018 gm of CO, in the atmos- 
phere-ocean system. In Fig. 1 the present 
value for the atmospheric CO, pressure and 
the total CO, amount is marked “P”. 

Next, the equilibrium value of Pco, was 
calculated for a number of different values of 
the total CO, amount. It was assumed in 
agreement with the carbon dioxide theory of 
climatic change that the average temperature 
of the oceans was15.0°C whenPco, = 12 x 1074 
atm; 11.6°C when Pco,=6x 10%; 8.0°C 
when Pco,=3x1074; 4.2°C when Pco,= 
Tellus VIII (1956), 2 


=7.3x102:70,5°C when Peo, =0:75 x 1074 
Although the constants in (I—6) are functions 
of the temperature, the curves shown in 
Fig. I are insensitive to the particular assump- 
tion that is made about their temperature 
variation. The equilibrium values of Pco, for 
various total CO, amounts in the atmosphere- 
ocean are shown in Fig. ı as the solid curve 
marked “1.00 Vol.” 

These same calculations were repeated 
assuming that the oceans had 0.75, 0.90 and 
1.10 times their present volumes. The other 
solid curves in Fig. 1 show the results for 
these cases. 

Rusty (1951) has emphasized that the 
oceans must reach equilibrium with CaCO, 
after a sufficient period of time following a 
change in the total amount of CO, in the 
atmosphere-ocean system. If there is an excess 
amount of CaCO,, it precipitates; if there is 
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too little CaCO,, it dissolves and at the same 
time accumulates from the rivers that flow 
into the oceans until the solubility product is 
reached. The equilibrium CO, pressure can 
be obtained when there is CaCO, equilibrium 
by solving equations (1—6) with the additional 
requirement that 


[Ca++] [CO,=] =K’caco, (7) 


The results of this calculation are shown as 
the dashed lines in Fig. 1 for oceans with 
0.75, 0.90, 1.00 and 1.10 times the present 
volume. The curves in Fig. 1 for the CaCO, 
equilibrium have abscissa marked at the bottom 
of the figure for the total amount of CO, in 
the atmosphere-ocean system before the 
CaCO, dissolves or precipitates to bring 
about equilibrium; the corresponding final 
amounts of CO, in the atmosphere-ocean 
system are marked on the top margin of 
Fig. 1. The following values were used for 
Ges. Ha MO ala 3m © cel Op TON at 
20 1C: SF SC 107% at: 107 GE5233.X 103230 OMG: 
These values agree with the measurements 
of SmitH (1940) when they are corrected for 
temperature dependence. With these values 
of the constants, (I—7) show that the oceans 
are very nearly in equilibrium at the present 
time with CaCO, for an average temperature 
of 8°C and Pco,=3 x 10-4 atm. Apparently 
the CaCO, dissociation constant is not known 
accurately. A change in its value would move 
the curves in Fig. ı to the right or left, but 
would not change their qualitative features. 

Curves are given in Fig. 1 for different 
volumes of the oceans, since the ocean volume 
decreases during a period of glaciation and 
would increase still further, if all the glacial 
ice present today should melt. Estimates show 
that water having a volume from 5 to Io per 
cent of that of the oceans was frozen in the 
glaciers at the period of the last advance of 
the ice sheets (FLINT, 1947; SHAPLEY, 1953). 
This number may have been even larger during 
earlier great epochs of glaciation. Further, 
the volume of the oceans has probably changed 
during the recorded geological history of the 
earth by the addition of juvenile water from 
the interior of the earth. 

The pH of the oceans does not change by 
more than onc-half a unit as Pco, varies from 
one-fourth to four times its present value. For 
example, the pH range is 7.67 to 8.62 for this 
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range of values of Pco, without CaCO; 
equilibrium and is 7.81 to 8.51 with CaCO, 
equilibrium. With CaCO, equilibrium, Pco, 
can vary from 0.38 x 1074 to 20x10-* atm 
without the pH changing by more than one- 
half unit. It is interesting to note that higher 
marine animals (herring, for example) can 
not tolerate pH changes of more than = 0.5 
and that lower marine animals are less sen- 
sitive, but many species (sea urchins, diatoms, 
algae) can not tolerate pH changes of more 
than +1.0 (RuBEy, 1951). This suggests that 
during the geological periods in which these 
animals have lived that the pH of the sea has 
either stayed constant within these limits or 
at most has changed very slowly so that the 
animals had a chance to adapt to their new 
environment. Thus the amount of CO, in 
the atmosphere can change relatively rapidly by 
a factor of fifty-three without influencing 
marine life appreciably and even more over 
long periods of time. Such variations in CO, 
amount are more than enough to cause 
appreciable climatic changes. 


6. Explanation of climatic change in terms 
of the CO, theory 


According to Bell (SHAPLEY, 1953), Willett 
believes “that the similarity in the change of 
the circulation pattern, whether the change in 
climate be of the order of hundreds or thou- 
sands or tens of thousands of years constitutes 
a powerful argument in favor of a single vari- 
able factor underlying all changes”. From this 
point of view, it seems significant that the CO, 
theory can provide simple, straight-forward 
explanations for many of the known facts about 
climatic change. These explanations are dis- 
cussed in this and the following section. 


a. Periodic oscillations from glacial to interglacial 
climate 


Recent analysis of the sediments of the deep 
ocean floor by WIsEMAN (1954) show 10 
distinct temperature minima within the last 
620,000 years. Four distinct periods of advance 
and retreat of the ice sheets have long been 
recognized by geologists. These fluctuations in 
the climate, which seem to be a characteristic 
of a glacial period, can be explained by the 
CO, theory. If the total amount of CO, in 
the atmosphere-ocean system is reduced by a 
small amount from its present value, the CO, 
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theory predicts that the climate must fluctuate 
between periods with large ice sheets and 
| warmer periods that have relatively small or 
| no ice sheets; there is no possible stable state 
of the climate when the total CO, is slightly 
| less than its present value. 
In order to understand this phenomenon 
more clearly, let us assume some particular 
numbers that may represent conditions at the 
onset of a typical glacial period; none of the 
conclusions reached depends on the particular 
values chosen. First we assume that if the 
average temperature of the earth should fall 
3.8° C (various authorities give values from 
2° C to 8° C) that great ice sheets would again 
begin to cover sizeable portions of the continents. 
Further let us assume that the average period 
of circulation for the deep waters of the ocean 
is of the order of ten thousand years. It must 
take several of these periods for the atmosphere- 
ocean system to come to equilibrium after a 
change in the CO, amount; the time to return 
to equilibrium might perhaps be estimated as 
of the order of 50,000 years, although this 
time may actually be ten times longer or 
shorter than this. 

Let us suppose that at the beginning of 
a glacial period for some reason the total 
amount of CO, in the atmosphere-ocean 
system is reduced 7 per cent from its present 
value of 132 x 1018 gm to 123 x 108 gm and 
remains fixed at the latter value throughout 
the glacial epoch of some million years dura- 
tion. After the atmosphere and ocean have 
returned to equilibrium (point G in Fig. 1), 
the CO, pressure in the atmosphere is 1.5 x 1074 
atm, just one-half of its former value. The 
average temperature at the surface of the 
earth is then 3.8° C less than its former value. 
This is a sufficient reduction in the temperature 
to bring on glaciation according to our hypoth- 
esis. Let us assume that after some thousands 
of years the large ice sheets that have formed 
reduce the volume of the oceans by 5 per cent. 
Since the ice sheet can permanently hold only 
a very small amount of carbonates compared 
to the same volume of ocean water, the 
remaining water in the oceans releases CO, to. 
the atmosphere in order to return to equi- 
librium. 
“ After a further period of tens of thousands 
of years the atmosphere and oceans are in 
equilibrium at the point N in Fig. I corre- 
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sponding to an ocean volume of 95 per cent 
of its present value and the constant total 
CO, amount of 123x101? gm. The CO 


pressure is then 2.5 x 1074 atm and the surface 
temperature rises to practically its present 
value. The ice sheets then melt and the oceans 
return to their original volume. But then the 
atmosphere and ocean are no longer in equi- 
librium. After some ten thousand years, all 
the ocean waters have been able to circulate 
to the surface and the CO, equilibrium is 
restored again at point G in Fig. 1. The smaller 
CO, pressure in the atmosphere reduces the 
surface temperature 3.8°C and another ice 
sheet starts to form. These oscillations of 
climate would continue with a period roughly 
of the order of 50,000 years as long as the 
total CO, amount in the atmosphere-ocean 
system is 123 x 101% gm. There is no possible 
stable state of the climate for this total CO, 
amount. The long period of alternation be-_ 
tween glacial and interglacial climates ends 
when some factor in the CO, balance finally 
increases the total CO, amount in the atmos- 


phere-ocean system above 123 x 101% gm. 


Under the assumptions made above, it is 
easily seen that these continuous fluctuations 
from a glacial to an interglacial climate and 
back again would occur for any total CO, 
amount from 117 to 123x101 gm. If the 
total CO, amount should fall below 117 x 1018 
gm, then a permanent glacial climate would 
result (assuming only s per cent of the oceans 
froze) until the total CO, amount increased; 
on the other hand, it would still be possible 
to have fluctuations from a glacial to an 
interglacial climate, if the colder temperatures 
froze an amount of water equivalent to more 
than 5 per cent of the volume of the oceans. 

The time required for the oceans to reach 
equilibrium with CaCO, is not known. In 
the above numerical example it was assumed 
that this time is long compared to 10,000 
years. If this is not true, the dashed curves 
in Fig. 1 referring to CaCO, equilibrium 
should have been used instead of the solid 
ones. It is easily seen that this would make no 
essential difference in the argument, although 
a slightly greater decrease in the total CO, 
amount would have had to be assumed. 

The conclusions reached above do not 
depend on the particular numerical values 
assumed in the above example. The calculations 
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have been repeated for a large number of 
different sets of values for the assumed param- 
eters. In each case there always exists a 
range of values for the total CO, amount in 
the atmosphere-ocean system, such that the 
climate continually oscillates between a glacial 
and an interglacial stage when the total CO, 
amount is fixed at some particular value in 
this range. For various values of the parameters 
these oscillations occur when the total CO, 
amount is reduced from 3 to so per cent below 
lits present value. If the total CO, amount is 
Ireduced to so per cent or less of its present 
‘value, then a permanent period of glaciation 
jresults until the total CO, amount again in- 
creases. 


b. Increase in precipitation at onset of an ice age 


It has been emphasized by many authors 
that, in addition to lower temperatures, 
increased precipitation is necessary for the 
accumulation of extensive ice sheets. In the 
variable sun theory, a decrease in solar radia- 
tion would be expected to decrease the 
intensity of the general circulation and also to 
decrease the amount of precipitation. This 
difficulty led to the ingenious modification 
of this theory where it is assumed that in- 
creased solar radiation causes glaciation by 
increasing the amount of precipitation, in 
spite of the warmer average temperature that 
results. 

On the other hand, the CO, theory suggests 

| that a higher level of precipitation may occur 
at the same time as lower average surface 
temperatures. Although the physical processes 
that cause precipitation from a cloud are not 
completely understood, the radiation loss from 
the upper surface of a cloud is known to be 
one of the relevant parameters. If the upper 
surface of the cloud can lose more heat by 
radiation, the lapse rate in the cloud increases. 
This increases the convection in the cloud, 
which in turn hastens the onset of precipita- 
tion. The lapse rate would be expected to be 
greater at night than during the day and more 
precipitation is observed at night (Hewson, 
1937). It appears that the radiation loss from 
the upper surface of the cloud is an important 
factor in the development of nocturnal thun- 
derstorms; in other situations the relative 
importance of this factor is not known. 

During the period when glaciers are forming 
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there is a smaller than normal amount of CO, 
‘in the atmosphere. More radiation from the 
“upper surface of a cloud is able to escape to 
space, thus cooling the upper surface more 
effectively. Calculations by PrAss (1956 b) show 
that the average temperature is lowered 2.2° C 
and 1.3° C for the upper surface of a cloud at 
4 km and 9 km respectively, if the amount 
of CO, in the atmosphere is halved. This 
temperature change should increase the lapse 
rate in the cloud sufficiently to increase the 
average precipitation significantly. Further it 
should be noted that the increased cloud 
cover further reduces the surface temperature 
below the value calculated from the CO, 
theory alone. Both the decreased average 
temperature and the increased precipitation 
caused by the reduction in the atmospheric 
CO, content effectively promote the growth 
of ice sheets. Cold and wet climates should 
occur together when the CO, concentration 
in the atmosphere is reduced. 


c. Time lag between periods of mountain building 
and glaciation 


There is considerable geological evidence 
that there were extensive periods of mountain 
building some millions of years before the 
last two major glacial epochs. Tremendous 
quantities of igneous rock are exposed to 
weathering by mountain building. By far the 
most active zone for the disintegration of rock 
is the zone between the surface and the level of 
the permanent underground water. In moun- 
tainous country this level is farther below the 
surface than in flat country and there is a 
considerably larger volume in which the 
active weathering of the rocks takes place. In 
the weathering of igneous rocks carbonates 
are formed, thus removing CO, from the 
atmosphere. 

CO, is being taken from the atmosphere in 

ne weathering of rock than before. This 
could easily change the CO, balance sufficiently 
so that after a period of the order of a million 


After a period of mountain building, more 


years, the atmospheric CO, would be reduced : 


sufficiently to start a period of glaciation. 
During the period of mountain building it 
might be expected that the CO, escaping 
from the interior of the earth to the atmosphere 
through volcanic vents, hot springs, etc. 
would increase. If this happens to an appreci- 
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able degree, the extra CO, that is added to the 
atmosphere counteracts the CO, used up in 
weathering and the onset of glaciation is post- 
poned. In fact, some major periods of moun- 
tain building have not been followed by 
extensive ice sheets. A possible explanation 
would be that more CO, had been added to 
the atmosphere from the interior of the earth 
than could later be removed by rock weather- 
ing. In any case, when a glacial epoch does 
follow a period of mountain building, the 
CO, theory clearly predicts an appreciable 
time delay between the two events. 


d. Influence of man’s activities on climate 


At the present time the burning of fossil 
fuels is adding more than 6x10° tons per 
year of CO, to the atmosphere. Other activities 
of man such as the clearance of forests and the 
drainage and cultivation of land add additional 
amounts of CO, to the atmosphere each 
year. The total amount added each year from 
these sources is several orders of magnitude 
larger than any factor that contributes to the 
CO, balance from the inorganic world at the 
present time (see Table I). Therefore, this 
additional factor has greatly disturbed the 
CO, balance. If all this additional CO, 
remains in the atmosphere, there will be 30 
per cent more CO, in the atmosphere at the 
end of the twentieth century than at the 
beginning. If no other factors change, man’s 
activities are increasing the average temperature 
by 1.1°C per century. This argument was 
first presented by CALLENDAR (1938, 1949). 

There appear to be only two ways in which 
the excess CO, could be removed from the 
atmosphere. More CO, is used in photo- 
synthesis when the CO, concentration in- 
creases. However, as already discussed, in a 
relatively short period of time increased rates 
of respiration and decay bring the factors 
from the organic world into balance once 
again. Except for a small initial loss, no ap- 
preciable part of the extra CO, can be used 
up in this manner. 

Some of the extra CO, will also be absorbed 
by the oceans. Because of the slow circulation 
of the oceans it would probably take at least 
10,000 years for the atmosphere-ocean system 
to come to equilibrium after a change in the 
atmospheric CO, amount. The surface layers 
of the ocean start absorbing some of the extra 
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CO, from the atmosphere as soon as the Pco, 
is greater than the equilibrium amount. The 
rate at which this absorption takes place is 
not known accurately, but it is probably true 
that the surface layers can absorb only a 
small fraction of the extra CO, in a period of 


several hundred years. Thus it appears that 


most of the additional CO, that is released 
into the atmosphere will stay there for at 
least several centuries. Even if the oceans 
absorb CO, much more rapidly than has 
been assumed here, the accumulation of CO, 
in the atmosphere will become an increasingly 
important problem through the centuries. 

The known reserves of coal and oil amount 
to about 13 x 1018 gm. After making allowance 
for the growth of industrial activity it is 
expected that this amount of fuel will be 
used up in less than one thousand years. If this 
occurs, nearly 40 x 1018 gm of CO, will have 
been added to the atmosphere. This is seven- 
teen times the present amount of CO, in the 
atmosphere. Even if it is assumed that the 
atmosphere-ocean system will be near equilib- 
rium at the end of this period, the total CO, 
amount will increase from 132 x10!8 gm to 
172 x 1018 gm. From an extension of Fig. 1 the 
equilibrium value of Pco, is found to be 
30 x 107 atm corresponding to a temperature 
rise of 12.2° C. Even if there were sufficient 
time for CaCO equilibrium to set in, Fig. 1 
shows that Pco, is 11 x 1074 atm (nearly four 
times the present value) and the corresponding 
temperature rise is 7.0°C. Since complete 
equilibrium between the atmosphere and 
oceans cannot be maintained when the atmos- 
pheric CO, amount is constantly increasing, 
the actual temperature rise will be considerably 
greater than 7° C. 

It is tempting to give an explanation of the 
recent rise in average temperature over the 
entire globe in terms of the increased CO, 
amount in the atmosphere (CALLENDAR, 1938, 
1949). A great deal more data in the form of 
accurate CO, measurements over a period of 
time and temperature records for the remainder 
of the century will be needed to prove or 
disprove this explanation. Many local varia- 
tions, such as the extremely rapid rise in 
temperature in Scandinavia cannot be ex- 
plained by the CO, theory and are probably 
due to changes in the general circulation. 
However, it is entirely possible that the general 
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temperature rise over the entire earth is due 
to the CO, effect. Furthermore, the influence 
of the extra CO, on the climate will become 
increasingly important in the near future as 
continuously greater amounts of CO, are 
released into the atmosphere by man’s activi- 
ties. 


e. Carboniferous period; glaciation in phase in 
both hemispheres 


A change in any of the other factors that 
influence the CO, balance can also influence 
the climate according to the CO, theory. 
Unfortunately it is often difficult to estimate 
the relative importance of the various factors 
at specific times in the past. Nevertheless it is 
certain that all of these factors have changed 
by large amounts during the earth’s history. 

The amount of organic material being 
trapped in new coal and oil deposits and other 
sediments may have been much greater at 
certain periods of the earth’s history than it is 
today. This was presumably the case during 
the Carboniferous period when the relatively 
level land and many marshes created the proper 
conditions for the formation of large amounts 
of organic sediments. After a long period of 
time this had the effect of reducing the amount 
of CO, in the atmosphere-ocean system. It is 
perhaps significant that the glaciation at the 
end of the Carboniferous appears to have been 
the most severe in the earth’s history. 

Any large scale climatic variations due to 
changes in the CO, amount in the atmosphere 
must occur simultaneously (on a geological 
time scale) in both hemispheres. Presumably a 
few centuries or less would be sufficient time 
to equalize the atmospheric CO, amount in 
both hemispheres following a disturbance in 
one. An exception might occur if one hemi- 
sphere were considerably more mountainous 
than the other. The temperature drop would 
be the same in both hemispheres following a 
decrease in the CO, amount. Nevertheless the 
mountainous land of one hemisphere could 
provide a favorable source for the glaciers, 
whereas they would be unable to form on the 
relatively flat land of the other hemisphere. 


7. Unsolved problems for the CO, theory 


In this section various problems are discussed 
for which either more study is required in 
order to understand the various factors that 
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are involved or more time is needed to accumu- 
late additional data. The answers to these 
questions can only be suggested at this time. 
The temperature trend during the remainder 
of this century should provide a definitive 
test of the relative importance of such factors 
as CO,, variations in the solar energy and 
volcanic dust in determining the climate at 
the present time. The predictions based on 
these theories are entirely different. The CO, 
theory states that the average temperature of 
the earth will continue to increase for many 
centuries, as the atmospheric CO, content 
increases due to the burning of fossil fuels and 
other activities of man. The solar theory 
predicts that the average temperature will 
decrease for some decades to come. The 
maximum of the eighty year period in the 
sunspot cycle probably occurred in 1947. The 
average energy that the earth receives from 
the sun including the ultraviolet should 
decrease for a number of years, thus causing 
the average temperature to decrease. A con- 
tinual temperature rise could not be explained 
by the solar theory unless measurements at the 
same time should show an appreciable in- 
crease in the solar constant. The volcanic dust 
theory predicts a lower average temperature 
for several years after a major volcanic explo- 
sion that sends large amounts of dust into the 
atmosphere. There has been no such explosion 
since 1912 when Katmai erupted in the Aleutian 
Islands. Further attempts at verification of this 
theory must await new volcanic action. 
There have not been sufficient measurements 
of the CO, content of the atmosphere in 
recent years to establish beyond doubt that 
the CO, amount has actually risen since 1900. 
In view of the importance of the problem, 
further measurements over a period of years 
should be undertaken. The predicted rise of 
3 per cent in 10 years could be detected with 
measurements of moderate accuracy. At the 
same time more data could be accumulated 
on the variation in CO, amount with different 
types of air masses. Simultaneous measure- 
ments in both hemispheres could obtain in 
addition information on the rate of exchange 
of gases between the hemispheres. The level 
of industrial activity is so much less in the 
Southern Hemisphere than in the Northern 
at the present time that most of the increase 
for the Southern Hemisphere would be due 
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to CO, originally released in the Northern 
Hemisphere. 

Is the atmosphere-ocean CO, system nearly 
in equilibrium today? Is the ocean in equilib- 
rium with CaCO, today? Since the CO, 
amount should have been appreciably less at 
the time of the last glaciation ten thousand 
years ago, one would not expect that the CO, 
equilibrium could have been restored in such 
a relatively short time interval. Nevertheless 
the currently accepted values for the chemical 
constants of sea water indicate that the oceans 
are nearly in equilibrium today. However, 
this conclusion depends on the values of several 
equilibrium constants which are known only 
approximately. More accurate measurements 
of these constants would indicate whether or 
not the atmosphere-ocean system is in equilib- 
rium today. If it should be found that equilib- 
rium does not exist today, then the curves in 
Fig. ı would be shifted somewhat from the 
positions given. However, their qualitative 
shape would not be changed and none of the 
previous conclusions that were based on this 
figure would be changed. 

If the theory presented here of CO, varia- 
tions in the atmosphere is correct, then the 
reduced CO, amount at the time of the last 
glaciation means that the radiocarbon dates 
for events before the recession of the glaciers 
are in question. A constant CO, amount in 
the atmosphere has been assumed in all the 
calculations to determine radiocarbon dates. 
Clearly some direct evidence is needed for 
the actual CO, amount in past epochs. It is 
possible that this may be calculated in the 
future from experimental determinations of 
the past temperature of the oceans and the 
rate of carbonate deposition. 

Besides CO,, both H,O and O, have an 
important influence on the infra-red radiation 
from the surface of the earth. A variation in 
concentration of any of these gases can change 
the surface temperature. Estimates of the 
effect of Og on the surface temperature have 
been given by Prass (1956 a). When the maxi- 
mum of the ozone distribution is at a lower 
altitude, the surface temperature tends to 
rise because there is then a larger downward 
radiation flux from the lower, warmer layers 
near the O, maximum. Similar effects exist 
for H,O. An estimate made by Wexler 
(SHAPLEY, 1953) shows that the temperature 
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would fall 6°C if the relative humidity 
changed from 100 to so per cent throughout a 
typical mass of polar maritime air. An accurate 
analysis of the effect of H,O on atmospheric 
radiation has not been made as yet because of 
the complexity of this spectrum and the 
difficulty of making experimental measure- 
ments beyond 20 microns. Considerable 
further work needs to be done on the effect 
of H,O. The influence of the greatly reduced 
amounts of H,O in the atmosphere in the 
colder regions where glaciers form needs to 
be evaluated together with the influence of 
changes in the albedo due to greater preci- 
pitation. 

Why should the major glacial epochs of 
the earth recur at intervals of approximately 
250,000,000 years? What is the factor that 
finally brings a glacial epoch to a close? These 
are some of the questions for which the CO, 
theory can only suggest answers at the present 
time. According to the CO, theory, the 
250,000,000 year interval between glacial 
epochs is connected with a similar periodicity 
in the occurence of major periods of mountain 
building. Thus the fundamental question that 
must be answered is to explain why the major 
mountain chains appeared when they did. 
Also there are several possible factors in the 
CO, theory that can bring a glacial epoch to a 
close. We have discussed how the alternate 
advance and retreat of the glaciers can be 
explained if the total CO, amount in the 
atmosphere-ocean system stays at a constant 
level a few per cent below the present value. 
In order to bring the glacial cycle to a close, 
some factor must increase the atmospheric 
CO, amount. A reduced amount of rock 
weathering due to the increasing flatness of 
the land as the mountain ranges erode or to 
reduced weathering under the land covered 
by glaciers or an increase in the CO, released 
from the interior of the earth are all factors 
that would act to increase the total CO, 
amount. 

Some interesting evidence about the CO, 
content of the atmosphere in the past can be 
deduced from the fact that plants grow more 
luxuriantly and rapidly in an atmosphere that 
has from five to ten times the normal CO, 
amount. Since plants are completely adapted 
in photosynthesis for the maximum utilization 
of the spectral range and intensity of the light 
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that reaches them from the sun, it seems strange 
that they are not better adapted to the present 
CO, concentration in the atmosphere. The 
simplest explanation of this fact is that the 
plants evolved at a time when the CO, con- 
centration was considerably higher than it is 
today and that the CO, concentration has 
been at a higher level during the majority 
of the ensuing time. This higher CO, con- 
centration would have caused higher tempera- 
tures than today during most of the earth’s 
history. In fact, the geological evidence shows 
that the earth has had a warm climate for at 
least nine-tenths of the time since the Cambrian 
period. 


8. Conclusions 


The latest calculations of the influence of 
CO, on the infrared flux show that if the CO, 
concentration in the atmosphere doubles the 
average temperature rises 3.6° C and if it 
falls to half of its present value the average 
temperature falls 3.8° C. The pressure broad- 
ening and overlapping of the spectral lines 
is taken into account in this calculation. The 
shielding effect due to H,O does not appear 
to be large. Thus reasonable changes in CO, 
amounts can cause appreciable climatic varia- 
tions. 

Many reasons for climatic change have 
been proposed, such as variations in the radia- 
tion from the sun that reaches the earth, the 
amount of volcanic dust in the air, the average 
elevation of the lands and changes in the 
general circulation. It is entirely possible that 
some of these factors may have had an appreci- 
able influence on the climate at particular 
times and places in the earth’s history. A recent 
summary of the evidence for and against 
these theories has been given by WILLETT 
(1949). 

However, it does seem significant that there 
are many facts about world-wide variations 
in the climate that can be explained in a 
simple, straight-forward manner only by the 
CO, theory. Some of these are: (1) the cycles 
in which the glaciers alternately advance and 
retreat in a single glacial epoch; (2) the in- 
crease in precipitation as well as the decrease 
in temperature that occurs when glaciers 
form; (3) the time interval of several million 
years between the uplifting of major mountain 
ranges and the appearance of glaciation; (4) 
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the extremely severe period of glaciation that 
followed the Carboniferous period when 
extensive coal deposits were laid down; (5) 
the world-wide increase in temperature that 
has occurred since 1890 with a greater warming 
in the Northern than in the Southern Hemi- 
sphere; (6) the variations in climate have been 
in phase in both hemispheres. 

Brief explanations of these changes in terms 
of the carbon dioxide theory are as follows: 
(rt) If the total carbon dioxide amount in the 
atmosphere-ocean system is reduced slightly 
and held fixed at this new value, the atmos- 
pheric CO, amount is initially lowered. The 
temperature falls sufficiently to start a glacial 
epoch with the following cycle of oscillations 
that has an average period of tens of thousands 
of years because of the slow exchange of CO, 
between the atmosphere and the oceans: 
(a) the glaciers form decreasing the volume of 
the oceans by perhaps five per cent so that 
they slowly release additional CO, into the 
atmosphere; (b) eventually the CO, amount 
in the atmosphere is increased sufficiently to 
raise the temperature enough to melt the 
glaciers, thus increasing the volume of the 
oceans which now slowly begin to absorb 
more CO, from the atmosphere; (c) after a 
further period of time the decreased CO, in 
the atmosphere brings lower temperatures and 
the glaciers form again repeating the cycle. 
This cycle will continue as long as the total 
amount of CO, in the atmosphere-ocean 
system is unchanged. If the total CO, amount 
is reduced by a large amount, a permanent 
period of glaciation can occur without oscilla- 
tions. (2) The probability of obtaining precipi- 
tation from a cloud depends on the rate of 
convection in the cloud. With a smaller CO, 
concentration the radiation from the upper 
layer of the cloud can escape more effectively 
to space. “This increases the temperature 
difference between the top and bottom of the 
cloud. The lapse rate steepens and the intensity 
of the convection currents increases. This 
increases the probability of precipitation 
forming in the cloud. Therefore, increased 
precipitation is expected to occur when the 
CO, amount is small and conditions are 
favorable for glacial formation. (3) The 
weathering of igneous rock exposed by the 
new mountain ranges removes enough CO, 
from the atmosphere after millions of years 
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to bring on glaciation. This process may be 
delayed, at first, by additional quantities of 
CO, released from the interior of the earth 
when the mountain ranges are first formed. 
(4) The removal of large quantities of CO, 
from the atmosphere-ocean system in the 
formation of the coal deposits of the Car- 
boniferous eventually reduced the CO, con- 
centration to a very low value. (5) The addition 
of CO, to the atmosphere by industrial 
processes and other activities of man is in- 
creasing the CO, concentration of the atmos- 
phere at the rate of nearly 30 per cent a century 
and causing the average temperature to rise 
1.1° C per century. Due to the relatively slow 
exchange of air between the hemispheres, the 
CO, concentration may be increasing more 
rapidly in the Northern than in the Southern 
Hemisphere. (6) Over a time interval of 
several hundred years, the CO, concentration 
in the two hemispheres must be nearly the 
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same. Therefore changes in climate that occur 
over longer time intervals must be in phase in 
both hemispheres. 

Some of the problems that remain unsettled 
in connection with the CO, theory have been 
discussed in the previous section. However, 
the present evidence suggests that variations 
in the atmospheric CO, concentration are 
one of the important reasons for changes in 
the climate. From recent radiation studies it 
is possible to calculate with some confidence 
the temperature change that must result from 
any given variation in the CO, amount. The 
factors that influence the CO, balance are so 
complex that the CO, amount must have 
varied over a wide range through geological 
history. The problem is to be able to determine 
the atmospheric CO, concentration for past 
geological periods. We would then know one 
of the most important factors that determined 
the climate of that epoch. 
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Abstract 


A discussion is given of a simple mathematical model of the carbon dioxide cycle in atmos- 
phere-biosphere-sea, with special attention to the possibility of self-sustained oscillations and 
to the behaviour of the cycle when additional carbon dioxide is injected from an outer source. 
The discussion is confined to phenomena with characteristic times of the order of 10— 10° 
years leaving out the long geologic periods as well as the purely annual periods. Some nu- 
merical computations are also carried out on the electronic computer BESK. The discussion 
and the computations show that self-sustained oscillations possibly appear due to the presence 
of the sea, and that they generally are favoured when there exist time-lags in the biosphere 
of the order of a few decades. The computations also indicate that additional carbon dioxide 
injected at a rate corresponding to the present combustion of fossil carbon does not change 
significantly the carbon dioxide concentration in the atmosphere, since most part of it will be 
stored in the biosphere. Thus, the present theory suggests that the increase of carbon dioxide 
indicated by recent measurements may represent part of a natural self-sustained oscillation and 


not necessarily be a response to an increased combustion of fossils. 


I. Introduction 


The circulation of carbon in nature has 
always been a topic of great interest to all 
natural sciences. Though present in com- 
paratively small concentrations in the atmos- 
phere, CO, is fundamental to all forms of ter- 
restric organic life, which ultimately derive 
its carbon from this source. The yearly con- 
sumption of carbon due to the assimilation of 
plants is so great that, if not replaced at all, 
the present amount of carbon in the atmosphere 
would be depleated in a few decades. We have, 
however, a quasi-balance, in that carbon is 
given back to the atmosphere by respiration 
and decay at about the same rate as it is taken 
up. A small yearly drain is indicated by the 
presence of fossil carbon. In the long run, 
however, this drain is probably compensated 
by carbon coming from the interior of the 
earth, released in volcanoes and hot springs. 
When considering the yearly circulation these 
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components can in any case be completely 
neglected. They become important only in 
connection with cycles involving geologic 
periods of time. 


The reserve of carbon in the atmosphere is 
thus comparatively small. But carbon dioxide in 
the atmosphere is also in exchange with carbon 
dioxide dissolved in sea water, mainly as bicar- 
bonate. This latter amount of carbon dioxide is 
very large compared to that in atmosphere. 
Thus, any depletion in the atmosphere would be 
compensated also by carbon dioxide delivered 
from the sea. The importance of this reservoir 
in the yearly circulation of carbon depends, 
of course, on the rate of exchange across the 
sea surface. This rate has been discussed recently 
by NELSON DINGLE (1954) and HUTCHINSON 
(1954) and though opinions are rather con- 
flicting, some information exist. The important 
question seems to be, however, if the rate of 
overturning of sea water is great enough to 
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permit an efficient exchange with the whole 
volume of sea water (CALLENDAR, 1938, KuLP, 
1953, WORTHINGTON, 1954). 

At the present time another source of carbon 
in the atmospheric exists, namely, the carbon 
dioxide released by the combustion of fossil 
carbon. The total amount delivered to the 
atmosphere in the last fifty years has been 
estimated to about ten per cent of the quantity 
present. CALLENDAR (l.c.) raised the question 
to what extent such an amount released in 
the atmosphere might affect the radiation 
balance and thus also the climate of the earth. 
Carbon dioxide is of importance in this 
connection as it absorbs some long wave 
radiation. To answer this question, we must, 
however, first know if the carbon dioxide 
released by combustion of fossil carbon causes 
a corresponding steady accumulation of carbon 
dioxide in the atmosphere or if it is essentially 
compensated by increased assimilation or by 
absorption in the sea. The data on carbon 
dioxide concentration in the atmosphere used 
by CALLENDAR as an argument for the in- 
crease are, however, too scattered in time 
and space to make a definite decision on this 
point possible. In fact, it may require a period 
of collection of many decades to detect any 
real trends in the concentration of atmos- 
pheric carbon dioxide. Now, even if we 
obtain a positive evidence of an increase we do 
not know for certain that this can be attributed 
to the combustion of fossils. In the natural 
cycle of carbon there may well appear oscilla- 
tions which are not generated by external 
forces but are of a self-sustained type. There- 
fore, before one attempts to draw any con- 
clusions concerning the influence of fossil 
carbon combustion from experimental data 
one should also know something about the 
possibility for the appearance of such self- 
sustained oscillations. 

One main object of the present paper is to 
investigate these questions by help of a ma- 
thematical model, which is supposed to picture 
at least the main features of the carbon cycle 
in the system atmosphere-biosphere-sea. The 
discussion is confined to phenomena with 
characteristic times of the order of 10—103 
years, leaving out the long geologic periods 
as well as the purely annual periods. The 
authors are well aware of the limitations of 
such a model as the one presented here, and 
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certainly we do not claim that it can be used 
for a quantitative prediction of any actual 
changes in the concentration of atmospheric 
carbon dioxide. However, we think that 
already this crude model can give some 
valuable information about the characteristic 
dynamics of the carbon cycle and, in particular, 
information on the possibility of selfsustained 
oscillations. As will be seen from the investiga- 
tion, the characteristic dynamics of the cycle 
is in the main related to some few qualitative 
features of the system and does not depend 
critically on its detailed structure. This is, 
of course, of essential importance when 
dealing with a problem where both the theore- 
tical and experimental knowledge is still so 
meagre that the details of any specific mathe- 
matical model might be questioned. 

The mathematical method to be used is 
well-known in the branch of “non-linear 
mechanics”. It is a very illustrative quasi- 
geometrical method, which has found much 
use in applied mechanics and electronics, and 
it seems also to be a promising tool when 
tackling many cyclic problems in geo-chem- 
istry and biology. 

The theoretical results are illustrated by some 
numerical computations for a specific model. 
These computations were performed by help 
of the electronic computer BESK in Stockholm. 

General conclusions drawn from the theory 
and from the computations are found in the 
last section. 


II. Basic assumptions 


From existing quantitative data it may be 
inferred that processes which are of importance 
in the natural short-time circulation of car- 
bon are those listed below. 


1. Assimilation of carbon by the terrestrial 
plants. 
. Respiration (production of CO, by ter- 
restrial plants). 
3. Transition of living organic material to dead 
organical material. 
4. Decay of dead organic material to carbon 
dioxide. 
5. Exchange of carbon dioxide between the 
atmosphere and the oceans. 


D 


1 Some general aspects on the application of the 
method to problems in hydromechanics, geo-chemistry 
and biology will be presented in a forthcoming paper by 
one of the authors. 
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MATHEMATICAL MODEL OF THE CARBON CYCLE IN NATURE 


Processes which will be neglected are: 


6. Production of juvenile and cyclic carbon by 
volcanoes. 

7. Accumulation of fossil organic matter. 

8. Weathering of rocks by the action of carbon 
dioxide. 

9. Assimilation-respiration processes in sea 
water. 


The amounts of carbon involved in the 
neglected processes (6)—(8) are relatively 
small and of importance only in phenomena 
with very large characteristic times, say 105 
years or more. The process (9) can be regarded 
as an internal affair in the sea, although it 
involves considerable amounts of carbon. 
The cycle is very rapid and probably well- 
balanced and cannot have any essential dyna- 
mic influence in the problems considered here. 

In the construction of the model some 
simplification must be introduced, for mathe- 
matical reasons. The circulation system to be 
considered here is pictured schematically in 
fig. 1. It involves four basic storage units 
between which carbon is transferred. The four 
storage units represent the terrestrial assimila- 
ting plants, the dead organic matter, the at- 
mosphere, and the sea. Between these units 
carbon is transferred by the processes listed. 
The quantities x), Xa, ya and y, written in the 
boxes) denote the corresponding total stores 
of carbon. They are the dependent variables 
of our mathematical model. 

The next step is now to make reasonable 
assumptions concerning the transfer rates of 
these quantities. As to assimilation it has re- 
peatedly been demonstrated that the rate of 
assimilation of a variety of plants depends on 
the concentration of CO, in the air (cf. LUNDE- 
GÂRD, 1924, 1954) when none of the other 
growth factors (light, moisture, temperature, 
nutrients etc.) are limiting the growth. 

Early experiments by STÂLFELT (1924) de- 
monstrated clearly that both spruce and pine 
increase their assimilation proportionally to 
the increase of CO, in the air. Most experi- 
ments, however, have been conducted on 
annual plants. Especially the recent extensive 
work by THomas & Hit (1949) deserves to be 
mentioned. The experiments were carrie 
out both in the field and in greenhouses under 
fairly normal conditions with respect to other 
growth factors. They found, as example, that 
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Fig. 1. Simple model of the carbon cycle in nature. 


the assimilation of CO, in alfalfa, in sugar 
beets and tomatoes increased linearly with 
the CO, concentration of the air up to twel- 
vefold the normal concentration of COs. 

It is obvious that the rate should furthermore 
be proportional to the mass cf the assimilating 
plants x, and specifically to the mass of the 
green parts where most of the metabolic 
processes take place. The mass of the green 
parts can, however, be taken to be proportional 
to the total mass of the plants. Plants also 
respire, thereby giving back CO, to the air, 
and this rate should also be proportional to 
the mass of the plants. The rest of the CO, 
assimilated is stored in the plants, mostly in 
structural elements. 

At this stage, however, a distinction must 
be made between annual and perennial plants, 
annual plants being represented by those whose 
green parts die and decay after an assimilating 
season due to drought or frost. We are here 
interested in the dynamic behaviour of the car- 
bon cycle with respect to a sequence of years, 
hence these annual plants cannot contribute 
significantly to this behaviour. Even if there 
is an accelerated growth of the annual plants 
due to an increase of CO, in the atmosphere 
there will be an equally increased rate of 
decay and no net changes in x; Annual 
plants will for this reason be left out of con- 
sideration in the following. The mass of 
assimilating matter referred to later on is 
represented solely by the perennials which for 
all practical reason are represented by forest 
trees. 

Further, we have the drain process, transfer- 
ring living organic matter to dead organic 
matter. As a first approximation one can put 
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also this drain proportional to the mass of the 
assimilating plants. This seems to be fairly 
correct when one discusses changes with 
characteristic times which are long compared 
to the life-time of the plants. In other cases, 
one has to take into account the time-lag 
effect, which can be supposed to influence the 
dynamics of the system essentially. The dis- 
cussion of this is, however, postponed till 
Section VII. 

Thus, as a very simple approach we can write 


oI RıXıya =; kixı cs kx 
where k,, ki, k, are constants determining the 
intensity of assimilation, respiration and drain 
to dead material, respectively. 
Looking at the geometric representation of 
the equation in an x; —y, plane, the derivative 


ae would be represented by the y,-axis 


, 
2 


ki . parallel to 


(xj=0) and by a line 'y,= 


the x-axis (See fig. 2, full-drawn thick line) 
and the general isolines of this derivative are 
hyperbolas to which these straight lines are 
asymptotes. 

The assumptions underlying the rate equa- 


tion above may hold in the near vicinity of 
_kitks 


It is, however, unlikely that the 


Ya k 


à 


Fig. 2. For explanation see the text. 
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rate would be so simply related to y, at higher 
values of y.. The simple formula really implies 
that for y, greater than the equilibrium value, 
x, would always increase. Firstly, x; cannot 
increase without limit for pure spatial reasons. 
Secondly, as is obvious from the discussion in 
the appendix, an increase in y, seems merely 
to rise x; to a higher equilibrium value. It is 
conceivable, and has also been observed, that 
very high CO, concentrations will retard 
the growth and finally kill the plants, the 
upper limit being around 1 per cent by vo- 
lume (BALLARD, 1941). Though such concen- 
trations at present time are inconceivable it 
may be eal worth for the general picture to 
take this upper limit a account. 

X 


Thus, we must expect ae for sufficiently 


large values of y, as well as of x, and the 
combined limiting effects would give us a 
dx 
dt 
For small x; the equilibrium value of y, 
should be nearly independent of x; and the 
curve should then be practically horizontal. 

It is now easy to sketch the appearance of 
the isolines in case of the more general equation. 


curve of 


o like the dashed line in fig. 2. 


and we arrive at the picture of fig. 3. It is 
XI . ts ee : 
seen that ra positive inside the closed region 


and negative outside. 

The behaviour of our system is apparently 
critically dependent on the relationship between 
assimilation and y,. A question which arises 
in this connection and which deserves some 
discussion is whether there exist other limiting 
growth factors which can critically change 
the assumed relationship. Some of the experi- 
mental investigations referred to can possibly 
be critisized because of the fact that they were 
carried out when other growth factors, no- 
tably the nutritional ones, were at an optimum. 
Nutritional factors which have been shown to 
influence the assimilation are notably nitrate 
and phosphate. The experiences of these 
factors come mainly from agriculture where 
nitrate and phosphate fertilizers frequently 
give high responses in crop growth. Under 
uncultivated conditions there is, however, a 
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Fig. 3. General appearance of the function fp Y,) 


in the x,—y,-plane. 


normal return of these two aliments to the 
soil so there is a quasi-balanced cycle between 
the plants and soil. There is, of course, 
some loss especially of nitrate in drainage 
water but on the other hand there is also an 
addition from the atmosphere. Considering 
also the great expanse of leguminous plants 
the nitrate does not seem to be of such an 
importance as a limiting factor. Furthermore, 
it is obvious from the geographical distribution 
of plant communities that there exists an 
ecological selection of plant species operating 
in such a way, that nutrient conditions seldom 
become limiting. For instance, spruce forests 
which have a rather low demand on nitrogen 
will grow on a highly leached soil, low in 
soluble nitrates. 

Other growth factors are temperature and 
moisture. These will mainly influence the areal 
distribution of plants, the precipitation being 
of greatest importance where temperature is at 
an optimum and vice versa. It is apparent that 
only the borders of our plant communities 
are really limited by these two factors, not 
the interior of vegetation-covered areas. These 
borders are mainly occupied by annual plants 
which are not considered here. Since, further- 
more, changes in both temperature and preci- 
pitation pattern are presumably slow as com- 
pared to the characteristic times of our sy- 
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stem (compare length of glaciation periods) 
it is hardly any need to discuss them further 
here. 

Another objection can, however, be raised 
here against the assumptions made, namely 
that an increase in assimilation due to an 
increase of CO, in the atmosphere may de- 
crease the life time of the plants so that no 
net increase in the mass x; would take place. 
One may, for instance, think that the mature 
state of a tree is related to its mass, in which 
case the objection appears to be well-founded. 
The age limit of perennials is a very interesting 
though apparently complicated question about 
which systematic observations seem to be 
lacking. The embryonic cells in growing 
points and growing areas (cambium) of a 
tree seem themselves to have an ability for 
eternal life as long as they are in a state of 
repeated divisions. In this respect they are 
similar to the embryonic cells in the sexual 
organs of animals. The cells in a tree which 
are left behind the growing areas do not live 
long but are converted into structural units 
which, as long as they are not attacked by 
parasitic organisms, seem to escape the decay 
processes. From these points of view there 
would be no age limit for a tree. The limiting 
factors are, however, considered to be the 
slowly decreasing ability for transport of 
water, salts and assimilation products between 
the root and the top of the tree (increasing 
path of transport). (cf. STRASSBURGER et al 1944 
p- 228). Thus the height of a tree may finally 
put a limit to a proper functioning. Carbon 
dioxide can, however, not be expected to 
favor the height growth in particular, this is 
goverened rather by the light factor, as can 
be observed for instance in a spruce forest. 
For that reason one would not expect an in- 
timate inverse relation between the carbon 
dioxide and the average life time of a tree. 
Further, another factor which is probably 
more important for the age limit of trees 1s 
the attack of parasites, both insects and mi- 
croorganisms on living trees; the probability 
of such an attack must increase with the age 
of a tree somewhat in that manner pictured 
in the appendix. 

Finally, even if the average life time should 
decrease due to an increased CO, in the 
atmosphere, there must be a time lag involved 
which in any case would favor the instability 
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of the whole dynamic system, giving rise to 
self-sustained oscillation of the type discussed 
in Section VII. 

The next process to consider is the rate of 
change of dead organic matter. The dead 
organic matter is drained by decay processes. 
These processes are performed by all animals, 
bacteria, fungi and all saprophytic plants. This 
drain into the atmosphere has been listed as 
decay but is actually a respiration process 
as practically all decay takes place through 
metabolic processes in which a series of 
species feed on each other. Neglecting at 
present the effect of a time-lag in the living 
matter it is clear that this rate should be a 
function of both x; and x4 as the loss of CO, 
to the atmosphere should be dependent essen- 
tially on xy. For small values of x; and xq it 
is then conceivable that the rate can be written 


dxa 

dt 
It is, however, probable that the proportionality 
constant k, is less at higher xg than at lower. 
A great accumulation of organic matter would 
decrease the rate at which oxygen can enter in 
the decay process. Therefore we should more 
generally put 


= Roxy = kaxa 


do 
“2 = (x1 Xa) 


where g(x1, xa) =0 in the x;—xg-plane forms 
a straight line near origo but curves upwards 
further away. This line and the other isolines 


are sketched in fig. 4. As to the sign of = 
it must be positive to the right of the line 
g(x1, Xa) = 0 and negative to the left of it. 

Finally, considering the rate of exchange 
between the atmosphere and the sea, which is 
a purely physical process, we can write for the 
rate of change of y, 


dy, 
+ = Ri(ya— ksy) 


where k, is equivalent to an equilibrium con- 
stant, and À, is a proportionality constant 


I aus À 
( i, equals the characteristic time of adj estment 
4 


This equation is equivalent to the expression 
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À 


Xt 


Fig. 4. General appearance of the function g(x, xj) 
in the x,—x, plane. 


where P — p is the pressure head at the interface, 
E is the invasion constant and A the area. In 
our case the amounts involved are expressed 
in mg x cm? of the earth’s surface. 

The value of E has been determined ex- 
perimentally by several scientists with much 
varying results depending upon the experi- 
mental conditions. The best value according 
to HUTCHINSON (1954) is that obtained by 
BoHR (1899) which is 0.25 mg x cm”? x atm.=1 
min.-!t. Using this value and the values of 
Ya and y, listed in Table 1, k, becomes 6 x 1072 
x year” 1. 

In the exchange between the sea and the 
atmosphere there is a possibility that due to 
the circulation of sea water a certain time 
delay in the exchange takes place. This is, of 
course, of greatest importance when the deep 
water is involved. Carbon dioxide, taken up 
in the polar regions may be carried down into 
the deep water and is then transported south to 
the upwelling regions. In the meantime a 
change of the carbon dioxide content of the 
atmosphere may have taken place, thus upset- 
ting the original dynamic equilibrium. It would 
be of great interest to study the effect of such a 
time delay to our system, but this will involve 
a great deal of mathematical labour. Clearly, 
to obtain results of interest one must take 
into account the biosphere as well as the 
atmosphere in the picture, and that will lead to 
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a fourt-hordersystem, even with the simplest 
possible kind of lag-operator. For this reason, 
the discussion of the time-lag in the sea has 
been postponed. On the other hand, we will 
in Section VII take up a discussion of the 
time-lag in the biosphere, which seems to 
be a still more important factor. Introducing 
finally the total amount of carbon dioxide a 
in our cycle, assumed here to be constant, the 
system of equations describing the cycle will be 


dx} : 

HTL RD Ya) 

dx4 A 

ar = g(x1,X4) (a) 
dy, 


NT Xa + Yat Ys=a 


We next wish to examine the dynamic 
characteristics of this system. Do stable equi- 
librium values exist and in which manner are 
such stable equilibria approached? If there are 
unstable equilibrium points, is it then possible 
to get steady self-sustained oscillations around 
these? These are questions we want to answer 
in the following. 


III. Quantitative data 


Before discussing the dynamic behaviour of 
the system described by the equations in (1) 
some estimates of the present quantities will be 
listed. The amounts in Table ı are expressed 
in mg cm,-? (cm,?=cm? of the earth’s surface). 
The data are taken from HUTCHINSON (1954) 
except the figure for x; which has been estimated 
from the yearly assimilation, from the percent- 
age assimilation by forests shown in Table 2 
and from an estimated average life time of so 


years. 
Table ı 


Atmosphere (ya) 


Se oe oe Gee 25,000 » » 
Living perennial plants 
(HOSTILE 400 » » 


Dead. org matter (u). S00" min» 
Rate of terrestric net assimilation of perennial 


plants 8 mg cm”? year !. 
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The values for x), xg and assimilation rate 
are, of course, subject to uncertainties but are 
definitely of the right order of magnitude. 

It may also be interesting to know the arca 
distribution and assimilation percentage of 
different plant groups. The values in Table 2 
are computed from the table on p. 379 in 
HUTCHINSON’s paper (1954). 


Table 2 
Per cent of Per cent of 
total assim- total land 
ilation area 
Bots ince een 58 35 
Gultivated Ta. 29 25 
Grasslandtcs vac scan 13 25 
DIT LE à Paid «tate 0.4 19 


It is seen that the forest vegetation is rather 
dominating in the yearly assimilation. 


IV. The system atmosphere—biosphere 


We will start the mathematical discussion 
for a simplified system, where the sea is left 
out of consideration. It is supposed that the 
essential dynamic character of the system is 
governed by the remaining part, comprising 
the atmosphere, the assimilating plants and the 
dead organic matter, and that the sea merely 
acts as an extra damping factor. Anyway, it is 
instructive to start with this simpler case and 
get acquainted with the mathematical method 
of discussion before we tackle the more com- 
plete system. 

The system is described by the set of equa- 
tions 


XI + Xa + Ya = 4 


The functions f(x, ya) and g(x), xa) have 
been discussed earlier, and their general ap- 
pearance is seen in figs 3—4. 

Eliminating y, by help of the last equation 
we get 


de 

Te (CRETE) 

et (1 b) 
Fr g (xs x) 
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Our geometrical discussion is now carried 
out in an x;—xg-plane. See fig. 5. In this 
plane, y,=0 is represented by the line 
x;+xq=a (dashed line) while y,=a is repre- 
sented by origin. The appearance of the 


Fig. 5. The function f(x, 


a—x,—x,) in the x,—xd 


plane. 


curve f(x), ya) = 0 and the other isolines of 
that function will be seen from the figure. The 
curves from fig. 3 are obviously turned upside 
down and distorted. Increasing or decreasing 
the value of a will just mean a translation up- 
wards or downwards of the whole isoline 
pattern. Since x), xg and y, must be positive, 
the region of existence is the triangle bounded 
by the line x;+xg=<a and the coordinate axes. 

Assume now that we start from a specified 
state of the system and follow the development 
in time as determined by the above equations 
(tb). In our geometrical picture the actual 
state corresponds to a point (x, xy), and the 
time development is represented by a certain 
trajectory generated by this point during its 
motion. 

The direction of the general trajectory field 
is easily sketched with the aid of the equations 
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(1 b) and the appearance of the functions f and 
g shown in figs. 3-4. On the curve f=o the 
trajectories run vertically, on the curve g=0 
horizontally. Inside the closed lope of the curve 
f=o the trajectories are directed to the right, 
outside that curve to the left. Furthermore, they 
are directed upwards to the right of the curve 
g=0, downwards to the left of that curve. 
See fig. 6. The-exact direction of the trajectory 
in each point can be found from the expression 


dx 23 Gilt: a) 
dx; fix, a-xı-%a) 


tga= 


obtained by dividing the equations in (1b). 
The above method will, however, not work 
well in the vicinity of the points where f=o 
and g=o simultaneously, since the direction 
will then be indeterminate. These points are 
obviously equilibrium points, since 


m 


and they must be investigated separately by 
an analytical method. 


Bee In Su NG a—x —X 4) = Oand g(x, x )x=0, 
equilibrium points and trajectory directions in the 
XX, plane. 
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In the neighbourhood of an equilibrium 
point x),, Xa, the functions f and g can be devel- 
oped in a Taylor series and approximated to 

faa-E+B-n 
LENS ET ON 
where 
E=x,- xX, 
N =Xd X dos 
and 
a. 
Ox] xq= const. OXà x] = const. 
(2) 
_% ,_æ 
Ox ; OX 


are partial derivatives at the equilibrium point. 
(x b) can then be written 


and putting 


1 = 0€" 


where À is a complex frequency, we get the 
frequency equation 


gah 


a 


ee 
ur 


or 


22 — (@+6)A+ (xd - By) =0 (3) 


If the real parts of the roots are both negative, 
the equilibrium point is stable and all trajec- 
tories in the neighbourhood of the equilibrium 
point approach it when tf > + oo, otherwise 
the solution is unstable and at least some 
trajectories in the neighbourhood will depart 
from it when t > + co. 

A more detailed classification of the equi- 
librium point according to the appearance of 
the trajectory field in the neighbourhood is 
found in fig. 7. 

The criterion for negative real parts of the 
roots is now 


a+o0<0o 


(4 
“0 > by \) 
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Q b Ê 


Fig. 7. Trajectory field near equilibrium points: 


a) focal point (complex roots). 

b) nodal point (real roots of the same sign), and 
c) saddle point (real roots of opposite sign). 

The local and nodal points can be stable (as in the 
figure) or unstable, the saddle points are always 
unstable. 


According to our previous assumptions 
g(x} Xa) is an increasing function in x; but a 
decreasing function in xg. Thus y >0, 0<o. 
As to « and B the regions where these are 
positive and negative are shown in fig. 8 a and 
8 b. In fig. 8 c is shown the stability or instability 
of the equilibrium point according to its 
position on the curve f = 0. We can follow 
the changes by varying a from small to large 
values, corresponding to a translation of the 
curve f = o upwards from a position where 
the closed loop lies wholly under the x;-axis. 
For very small a there is only one equilibrium 
point on the xyaxis, and it is stable. 
This means that no living plants can exist, 
and all carbon dioxide is in the atmosphere. 
Increasing a so that O falls between A and B 
will give us two equilibrium points, one 
unstable on the branch AB and one stable on 
the branch BD. Thus, when a certain mini- 
mum total amount of carbon dioxide is avail- 
able, living plants can develop and the plant 
mass will increase until a new stable equili- 
brium is reached. For still larger a we come, 
however, over to the case of three equilibrium 
points, one stable on OA, one unstable on 
AD and one stable on BD, and ultimately 
we arrive again at the case of one single 
stable point, now on the branch OA. The 
two last cases have, however, only theoretical 
interest, since such a-values as is required 
cannot possibly appear. The separation point 
D is the point where the curve g =0 is 
tangent to the curve f =o. In this case 


cee) 
dx; poe dx; g=0 
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a) 


f (xp, —xp-Xq)=O 


stable 


stable 


Fig. 8. Regions of stability and instability of equilibrium points on f(x 


or 


(à... à 
dx xq= const. 5 dx 
d ip E og 
(2) x)= const. x 


ad = By 
which is seen to be the limiting form of the 
second stability condition in (4). 

From quantitative date it is immediately 
inferred that the second case, with one root on 
AB and one root on BD, represents the present 
conditions on the earth. The exact position of 
the actual equilibrium point on BD is, of 
course, not known. We cannot even assume 
that the present state is close to the equilibrium 
point. 


or 
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a 


Xp. a—x)}—X y) —0: 


As to the oscillatory character of the solu- 
tion in the vicinity of an equilibrium point, 
this is determined by the discriminant to the 
frequency equation: 


D = (a +0)? - 42 — By) = (a 0)? + 48y 


When this is positive the changes are ex- 
ponential (nodal point or saddle point), when 
it is negative the changes are oscillatory (focal 
point). We find that the changes are ex- 
ponential near the equilibrium points at origin, 
but that the changes are oscillatory on the 
relevant branch BD at least down to the point 
of vertical tangent E. After this discussion it is 
easy to sketch up the whole trajectory field. 
The result is demonstrated in fig. 9 for the case 
of actual interest, where we have one stable 
and one ünstable equilibrium point. 
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Fig. 9. Trajectory field in the x,—x, plane in the 
normal case. 


Since the speed of the representative point is 


= dxı 2 dxa u Tan: 
VC) + (Gt) TES 
the geometric picture will give the full in- 


formation about the dynamical behaviour of 
the system. 


V. Effect of an external source 


We next consider the effect of an external 
source releasing carbon dioxide in the atmos- 
phere at a constant rate q, representing the com- 
bustion of fossil carbon. Fossil carbon is a 
component in the long-time geologic cycle 
and has been neglected since its rate of transfer 
is very small as compared to those considered 
in our model. However, this is only true 
when the cycle is driven naturally. The com- 
bustion of fossil carbon represents, on a geo- 
logic time-scale, an extremely violent transient 
forced upon the system, and can during 
some shorter time affect also the more rapid 
cycle in which we are interested. 

Mathematically, this external source will not 
change our basic equations, except that the 
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constant a is replaced by a linear function 
a+qt. The previous description in terms of 
trajectories will, however, not be applicable 
now, since the direction of a trajectory is not 
given uniquely as a function of space. Ne- 
vertheless, some qualitative results can be 
obtained by simple geometrical considerations, 
at least for small values of q. If q is very small 
the system will be almost in equilibrium all the 
time (provided no self-sustained oscillations 
occur). Confining to the simple case, where 
the sea is left out of account, the equilibrium 
point is given by the cut between the curves 


f (x1 a-—%)-%x4) =0 and g(x), x4) =0 in fig. 9. 


An increase in a by the amount gt corresponds 
in the figure to a vertical displacement of the 
line xı+x4=a and the curve f=o by the 
distance gt, and the change in y, equals the 
change in the distance from the equilibrium 
point to this line. See fig. 10. 

Obviously y, is almost constant as long as 
we are on the straight-lined part of the curve 
f =o, and the increase of a is distributed 
between x; and xq. 

When q is not very small, transient oscilla- 
tions will be superimposed upon the previous 
solution. These oscillations are most pro- 
nounced at the start of the injection but they 
are generated to some degree all the time by 
the non-linearities of the system. Still more 
important is, however, the appearance of a 
quasi-constant displacement of the y,-value 


Xp+X a 


Fig. 10. The shift of the equilibrium point due to an 
external source of carbon dioxide. 
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from the static equilibrium, the amount of 
which can also be estimated from the figure. 
Assuming that due to the injection of CO, the 
equilibrium values of x; and x4 are changed 
by amounts Ax; and Axa during unit time, 
then the actual state is represented by the cut 
between the isolines f=Ax,; and g=Axg 
(second order terms neglected) and a cor- 
responding small increase appears in Ya. 
Finally, if the natural system performs self- 
sustained oscillations, one should expect that 
these should just be superimposed on the 
previous picture. These eftects will be demon- 
strated later on in some numerical examples. 

The essential result is, however, that in this 
model any artificial increase of CO, in the 
atmosphere will be strongly damped by the 
action of the biosphere. 

It might be noted that HUTCHINSON (1949) 
has reached the same conclusion from a more 
qualitative reasoning. His argument is the 
following (p.227): “The rate of industrial 
production is therefore of the order of 1 per 
cent of the rate of biological production on 
land. Assuming the validity of CALLENDAR’s 
conclusion that transport through the sea is not 
involved, — it is necessary also to suppose that 
the mechanism of the biosphere is such that 
a very accurate regulation occurred during the 
nineteenth century, but that during the 
twentieth an increase of the order of ı per cent 
in the total production of CO, was quan- 
titatively rejected by the system. This is 
extremely improbable.” 


VI. The system of atmosphere—biosphere 
—sea 


We now want to take up to discussion the 
more general case where also the sea is included. 
The full system (1) will be, after elimination 
of Ya, 

dx; 
dt = f(x; AXIS NY Ys) 


dx 
en 


dy, 
7 =k, [a =i] ET (1 + k,) ysl 


Again, we consider only the upper branch BD 
of the curve f = o as represented in fig. 9. 
This is quite reasonable, considering the amount 
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a dx 
Surfaces of nn 0, 
dt 


Fig. IT, 


dxd dy, 
—= —=oand — = 0 mthex,—x, y space. 
dt dt l d uf P 


The points P and M are equilibrium points. 


of carbon available in the sea. It has been 
experimentally shown that plants can stand 
carbon dioxide concentrations as high as one 
per cent, 1.e., 30 times the present concentra- 
tion. From table 1 we infer that such an increase 
in the atmosphere would require practically all 
carbon in the sea to be given up, a physical 
impossibility. Thus the lower branch of the 
curve f=0, where the choking of the plants 
appears, is not relevant here. In fig. 11 this 
system is pictured in an x; — xy - Yerspace, 
The surface ABC together with the x4 — y.- 
plane then represents the surface J =:0,.DEFO 
the surface g=o and finally HMG the plane 
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a-xı—-xa- (1+k,)y=o, on which surfaces 
dx; dx À Ys : 
RT U ea respectively. These 
surfaces cut in the points M and P which are 
then the equilibrium points. The plane HFG 
represents ya=0,1.e.x1+x4+ys=a. This plane 
and the coordinate planes bound the region 
of existence of our solution. 

Also in this three-dimensional space the 
trajectory field can be constructed, using a 
technique similar to the one described earlier. 

The frequency equation corresponding to 
this more general case is easily derived from 
(1c), it becomes 


aah le if B 
y ö-4 O 
—k,(1+k;) -A 


where x, B, y and 6 are the quantities defined 


earlier. It is to be noted ee = Ci =ß. 
dy;  0XQ 


Developing the above determinant gives us the 
equation 
A3 + [ky (1 + ks) - (@+6)] A? + 
+ [ad — By + kB -— ky (1 + ks) (x + d)JA+ 
+ ky (1+ kg) (x6 — By) + ky (y - 6) B=0 (5) 


Assuming that k, is negligible against 1, we 
can simplify the equation to 


28 + (ky —x —0)A2 + [ad — By + ky(B —æ —0)]A + 
+ k,6(%- 8) =0 (5 a) 


Necessary for stability is that the coefficients 
of this equation are positive, i.¢., 


ky>ato 
ad — By > ky(x + à — P) (6) 
ö(@-P)>o 


In our case «>0, 6 =o at the point M, and 
a<o, B<o at the point P, while always 
> 0, ö< 0. The above conditions are not all 
fulfilled for the point M, and this is an unstable 
equilibrium point. Regarding the other point 
P, it is easily seen that all the above conditions 
are fulfilled when « < ß, or when 
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(2) 

Lae IX] xgq> const. dxy 

-ß -(#) = A ar 
x] = const. 


OX 


This means that the slope of the curve f=o 
in fig. $ must be < — 1 at the equilibrium point 
if this should be stable, or which is the same, 


2) 
(2) must be < 0. One can possibly 
OX] Yq= const. 


think of curves which have negative slope and 
in such a case the pure presence of the sea 
would cause instability regardless of the 
characteristic rapidity of the adjustment 
between sea and atmosphere. 

Furthermore, we cannot infer that the system 
is stable in the other normal case, since the 
above inequalities are only necessary conditions 
for stability. To get sufficient conditions, we 
have to add the inequality 


k,-a—-—6 k,6(« — P) 
I ad — By + ky(B — x —6) 


(condition of Hurwitz) 


> 


or developing 
(ky -& - 6) [ad - By + kl? — a — )] > k,6(« - P) 
(7) 


When « < f, «<0, ß<o this condition is 
certainly satisfied for sufficiently small (posi- 
tive) or sufficiently large values of ky, but it 
will be violated within an intermediate interval, 
provided the two parameters 


(x + Ô)(x + Ô — f) 


ad — By 
Ed) 
ad — py 


take on values inside the ellipse (q+y)?=4q. 
To say more about this possibility will require 
numerical computations. Thus the sea can 
cause instability also for a normally shaped 
function f (x1, ya). 

As to the complete trajectory field this will 
look much similar to the field shown in fig. 9 
in the case where we have one stable and one 
unstable equilibrium point, except that the 
trajectories now run in the three-dimensional 
space. In the possible case where both the 
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equilibrium points become unstable, the picture 
will, however, change radically. Starting on a 
trajectory inside our region of existence x; > 0, 
x4> 0, y> 0, X1+Xa+ Ys < a, it cannot reach 
any of the boundaries provided the functions 
fand g are properly chosen, and it cannot end 
up at any equilibrium point. Three possibilities 
are then open. Either the trajectory approaches 
a certain limit curve, a limit-cycle, and we get 
ultimately a strictly periodic solution, or it 
approaches a thorus-shaped surface and we get 
a double-periodic solution, or finally it runs 
through the space in some ergodic manner in 
which case no periods can be found at all. 
See fig. 12. 

One would guess, and it has also been 
confirmed by the numerical computations 
carried out on BESK, that the normal case is 
that of a limit-cycle. 

It might finally be worth while to stress the 
difference between the ordinary linear oscilla- 
tions around a stable equilibrium and the 
oscillations discussed here. In the former case, 
oscillations can be generated by external forces, 
but if they are not periodically sustained they 
will die out. In the latter case, once the system 
is disturbed slightly from its equlibrium, it 
runs into steady non-linear oscillations. To 
sustain the oscillations there must of course be 
a source of energy (in our system this source is 
represented by the sun, the radiation of which 
is required in all assimilation processes). 

The essential result of this section is that 
the pure presence of the sea will cause self- 
sustained oscillations in our system,:provided 


d ; ) fe tol 
(4 is negative at the equilibrium 
ox: Ya= const. 


SD 


I 


Ss 


Fig. 12. Possible cases of limited trajectories around an 
unstable equilibrium point in a three-dimensional space. 
From left to right: limit-cycle (single-periodic solution) 
and two different »limit-thoruses» (double periodic 
solution). Below: »ergodic» motion. 
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point, i.e., assimilation decreases with in- 
creasing y,. Such a state is, however, very 
unlikely. If this derivative is positive, such 
oscillations may also occur, but then only 
within a certain interval of k,. 


VII. Time delays in the biosphere 


So far we have not complicated the system 
by assuming time delays. Naturally such a 
time delay would occur in forest vegetation. 
The trees build up their structural units of a 
quite large mass of assimilated CO, which 
does not become available for decay until the 
trees die. It is thus not proper to assume that 
the rate of transition from living organic to 
dead organic matter is a function of the present 
amount of living matter; it would rather be a 
function of the amount of living matter some 
years earlier. This is somewhat equivalent to 
what might happen in animal populations. 
A high birth rate may increase the mass of 
the population, while the rate of death re- 
mains constant for a certain time, independent 
of the sudden increase in population. As 
HUTCHINSON (1949) has pointed out such time 
delays in biological systems may cause steady 
periodic fluctuations. 

Also, there is a general experience in such 
engineering fields as electronics and servo 
regulation that time delays introduced in a 
feed-back system will often cause instability 
and appearance of self-sustained oscillations. 

In our discussion of the delay, we have to 
split up the transfer function f(x), ya), since 
the delay should appear in the drain from living 
to dead organic matter but not in the assimila- 
tion. 

Starting with the simplified case where the 
sea is left out of account, we have now the 
linearized equations 

d& ” 
pe E+ Ben 


dy ee 
ren 


describing the behaviour of the system in the 
vicinity of the equilibrium point. The term yé 
in the second equation represents the transfer 
from living to dead matter. Thus, rewriting 
the first equation in the form 


dé 
a (et ys+Bn-vé 
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the first two terms represent assimilation, and 
the last term represents the drain. 

Introducing a time-delay in the transfer 
term y& means mathematically that & should 
be replaced by a new variable &* which is 
coupled to £ by some delay equation. The 
system is then 


d 
T= (ety) 8+ nye 
2 (8) 
1 ver ton 


The delay equation can be chosen in different 
ways. HUTCHINSON (1949) uses a delay equa- 
tion of the form 


E*(t) = E(t - 7) 


i.e., £* equals the value of & at a time 7 ago. 
Such an equation is, however, not quite 
satisfactory in our case. The size of a plant at 
its death will not depend on the conditions of 
the environment at some specified earlier time 
but reflects the conditions prevailing over its 
whole life-time. 

A more gradual response to outer changes 
of the delay variable would be obtained by 


use of the delay equation 


d * 
el) (0) 


expressing that the rate of change of the delay 
variable £* is proportional to the deviation 
&—&*. x is the characteristic delay time. This 
equation can be considered as the linearized 
form near the equilibrium of the more general 
delay equation 


dx* 
Se = h(x, xı*) 
Theoretical reasons for using this type of delay- 
function are found in the appendix. 
Our system of differential equations (8) and 
(9) gives us now the frequency equation 


aty-A 8B = 
6) ö-4 y 
=0 
Fa O PS 
> T 
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or 

+ (2 -2-7-5)24 

+ He a+ ar Noha (ad fr =0 
(10) 


One sees that when t — 0, this equation de- 
generates to the form (3), as is to be expected. 

According to the above equation, the equi- 
librium point at x;=o is still unstable, since 
ad —By is there <o. Regarding the other 
equilibrium point, where « < 0, 6 < 0, the coet- 
ficients of the equation are positive, for all 
values of t, when|y | < ||. When|y|> |«]| 
instability certainly occurs for sufficiently large 
t-values. On the other hand, the Hurwitz 
condition 


I 


I 
=-a-y-8 (ad ~ By) 


I - (a+ à) + (a+ 7) 
or 


(2) - [ «+ 647+ (EOE: + 


a+6\t 


DROLE EEE set DEN (ir) 
x + Ô 

shows that instability occurs for sufficiently 
large t-values also when | y | <| « |. 

Thus we arrive at the important result, that 
the system will always be unstable and run 
into self-sustained oscillations for a sufficiently 
large time-lag r. 


VIII. Numerical computations 
In the numerical computations the basic 
system is assumed to have the specific form 


x 


i 
274 = kıXıya a kaxı 


d 

d ' 

= == kaxı — RaXd (12) 
dys 

Few kalya hey) 


Xi +Xat Yat Ys=a 
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which is similar to a form given earlier, except 
that the term kıxıya now represents the net 
assimilation. Taking from Section III the value 
8 mg”? year-! for the rate of net assimilation 
and assuming that the values of xj, xa, Ya an 
y, tabulated there correspond to the equilibrium 
values x4, Xa, Yay and y,, one obtains 


ki = AS 31002) sigs Lach" year. 
Ro =.2.0°. 1022 AMyearas 
Ry=1.0-10 2% year 


5 Ve —2 
k,=1.8- 10 


The corresponding values of the parameters 
‚x, B, y and 6 are 


&=kıya- kX, — ko= - 17-10 ? 
B= —kix, = -17-10 ? 
y=k,=2.0:10 

OR = -1.0-10 2 


With these values it is found that the un- 
equality (7) is fulfilled for all values of k,, and 
in fact one must change the values of the 
parameters very radically to violate it. Thus 
one may draw the conclusion that in this case 
the sea certainly cannot cause instability but 
merely will have a damping effect. 

In the case of a time-lag in the biosphere the 
relevant condition for stability when the sea is 
left out is (11), which for the numerical values 
chosen will become 


N“ I 
—] -0.68 - 10°? -— - 0.169 ‘10 4>0 
T 7 


and the critical t-value above which instability 
occurs is about 100 years. Due to the presence 
of the sea, the critical value is decreased with 
a few decades, as can be judged from the 
complete equations. t-values of that magni- 
tude are likely to appear in the biosphere. 
Thus, one must conclude that instability and 
then also self-sustained oscillations very well 
might exist in the natural cycle. 

The actual numerical computations of the 
time-development of the system on BESK 
were performed by a step-by-step integration 
of the system (12). In the case of a time-lag the 
term kx; was replaced by kxŸ, and the delay 
equation 
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Fig. 13. Damped oscillations in the simplified model. 
Initial values x, = 360 a — 360, x; = 500, y, = 500. 
k, = 0 (no sea),t = 65. The abscissa gives time in years. 


was added. 
The results are shown in fig. 13—16. Fig. 13 
shows a damped oscillation into the equili- 


x? 
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360! 
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br 


Fig. 14. The same case except that t= 110 years, 
giving self-sustained oscillations. 
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brium point in the case where the sea is left 
out of account. A time-lag t = 65 years is 
introduced, but it causes no instability. In 
fig. 14 is seen the corresponding solution 
when 7 is increased to 110 years. In this case 
the system runs in to astate of self-sustained 
oscillations, with a period of about 400 years. 
Note the phase-difference between the curves 
for x; and ya. In fig. 15 is seen the effect of 
the sea. Although a fairly »small» ocean is 
introduced (k; = 0.184), the effect is very 
marked; self-sustained oscillations appear al- 
ready at t = 70 years and the period increases 


A 
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Fig. 15. The same case with part of the sea in exchange 
Y : 

with the atmosphere. k, = = uy (7, = 2500, i.e. 


s 
one tenth of the total volume). Self-sustained oscilla- 
tions for T = 70 years. 
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to about 700 years!. Finally, fig. 16 shows 
the effect of an extra injection of carbon 
dioxide in the atmosphere at a rate corre- 
sponding roughly to the actual combustion 
of fossils. It is clearly demonstrated that most 
part of the added carbon dioxide is taken up 
by the biosphere, and that the atmospheric 
concentration is practically unchanged, except 
possibly during an initial transient period. 


IX. General conclusions 


Below is summarized the general conclusions 
that can be drawn from the previous discus- 
sion and the numerical computations: 

1. The carbon cycle in the atmosphere-bios- 
phere has two equilibrium points, one 
unstable point where no assimilating 
matter exists and another normal point, 
which is stable if there is no time-delay in 
the biosphere. Starting from the former 
point and introducing a small amount of 
assimilating matter, this will at first in- 
crease exponentially and then approach the 
other equilibrium point in an oscillatory 
manner. 

2. The introduction of the sea does not radi- 
cally change the previous picture. It cannot 
easily cause any self-sustained oscillations, 
but merely acts as a damping factor (a 
time-lag due to the deep-sea circulation 
can possibly cause such oscillations). 

3. A time-delay of exponential type in the 
biosphere is reasonable. This will cause self- 
sustained oscillations in the system, if the 
time-lag + is larger than a certain critical 
value, which is of the order of a hundred 
years. The period of the oscillations seems 
to be of order of several hundred years. 
It is possible that several oscillation states 
exist. 

4. An injection of extra carbon dioxide in the 
atmosphere at a rate corresponding to the 
present rate of combustion of fossil carbon 
probably causes a marked increase of the 
carbon in the biosphere, while the at- 
mospheric concentration is but little affec- 
ted. 

1 In a paper by FONSELIUS and KOROLEFF in this issue 
of Tellus, all available data on CO, concentrations in the 
atmosphere from around 1850 up to now have been 
plotted in a diagram as function of time. Though the 
scatter in the values prior to 1900 is fairly large, it is rather 


tempting to interpret the secular variation in the con- 
centration as an oscillation of the type shown here 
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The results quoted in (3) and (4) suggests 
that any observed increase of the carbon 
dioxide concentration in the atmosphere 
might represent part of a natural self- 
sustained oscillation rather than a response 
to an increased combustion of fossils. 


Appendix 
Derivation of the time delay equation 


Let F=F (t, t) be the distribution of as- 
similating mass, where f is time and r is age 
of the mass. Then F(t, t) dr is the mass of 
assimilating matter in the age interval between 
t and t+dr. 

The yearly assimilation is taken to be pro- 
portional to the concentration of carbon 
dioxide in the air, y,, and to the amount of 
assimilating matter. Within an interval dr we 
thus write, 


net assimilation rate =k,y,Fdt 


where k, is regarded as independent of the 
age T. 

The rate of transition of living mass to 
dead organic matter must also be proportional 
to Fdr, but the proportionality constant 
depends also on t. A simple and reasonable 
assumption is that the probability of death 
increases linearly with age so that 
rate of death = xtFdt, where « is a constant 

Naturally F must also change due to aging 
of the individuals and this contribution is 
simply 


Then for the rate of change of F we have 


OF OF 
a kıyaF - atF - = 


or 
2 


0 
5 (in F) + 5, (in F) =k, yq— at 


(1) 


Fig. 16. Effect of an external source of carbon dioxide 

on the system, starting from equilibrium. k, = 0.368 

(Y, = 1250, i.e. $ per cent of the total volume), t = so, 

q = 1 (corresponding to the mean rate of combustion 
in the past). The abscissa gives time in years, 
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The characteristics of this partial differential 
equation are given by 


dur) 
Det )— at 


and the general solution is found to be 


ar? 
ka yalde- 3 + | 


F(t, t) = F(t, ie: : 


F (t; 0) is the mass of successful seedlings 
and is assumed to have a small, constant 
value, Fo. If ya is constant = y, (or varies but 
little) we have a normal distribution 


ar? 
kıyat to 


u ae 


the maximum mass occurring at the age 


kiya 
& 


Tn = 


For 4=2t», F=F, again so that. practi- 
cally the whole mass is within the age limits 
T=0 and T=2 Tp». 


2tm 


J Fr F{ Far, where x; 


is the total mass of ‘assimilating material. 
An integration of (1) gives, for ya=Ya 


d x OF 
\ Fr = ka | Fir = [arrdr - [Fd 
0 0 0 0 


or using earlier definitions and neglecting F4. 


By definition x; = 


2 
“Ty 


2 = kıyaXı - ferré (2) 


0 


Introducing the notation xj for the integral 
un 


atFdr we have further: 


= i foe fa 
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9 5) 9 
“lm oT yy “Ty 


= kaj | occFd - far - far dr = 
0 0 0 


2 
m Tun 


ur OF 
= kıyaXı - fera = fot dr = 
0 0 


9. 9 
Tm Ex 


= kıyaXı = Jf ot? Fdr = [oct F em + af Fdt = 
0 0 
Y um 
= kıyaxı + ax — f a®t’Fdr 
0 


where (1) has been used. 

The last integral can be evaluated, at least 
approximately, in the following way. By 
a integration 


2 
Tm aU as 


Fr = arf er m — a2 [ ( fTrFdr)dr = 
0 0 


2t 


m T 


= 20T x) — a [ (f TFdr)dr (6) 
0 0 


As tF will give a distribution of the type 
shown in fig. 17 a, the integral / rFdr must 


0 

look like the full darwn curve in fig. 17 b. The 
My t 

ntegral /(/ tFdr) dr is then the area of the 
ù 0 


portion below the full drawn line and the t-axis, 
between t =0 and t = 2T,,. The simplest approx- 
imation which can be made is to replaae this 
by the triangular area indicated in the figure. 


T 
TFdt 
je a i} b 
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Then apparently the integral becomes TXl- 

However, some better approximation can be 

made by multiplying this expression by a con- 

stant B, which may be around unity. Then 
27, 


J'or?Fdr & 2atuxi — Batuxı 
0 
and 


dx; 
dt 


= kıyaxı + OX] — 207%] + Bat xX] = 


= axı — (1 — B) atx} 


where the relation kıy. = «Tm» has been used. 
Introducing the new variable 


x (1 — B) ta] 
and the characteristic time 


A 


Ya — B)tm 


one obtains finally the delay equation 
dxi* I 


Ser x") (3) 


Also, introducing 


I 
Rs 2 (1 = B)t,. 
eq. (2) becomes 
d = 
a = kıyaXı = kaxı* (4) 


(3) and (4) can be identified with the 
delay equation and assimilation equation used 
in the computations of Sect. VII. 

An estimate of the constant B is obtained 

a dx) dx* 
from the equilibrium case. Then — =—— = 


dt = dt 
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and the above equations give directly ky =kyya 
or 


I 


Ap ae 
: kıyatm 


It is seen that B< ı at equilibrium, which 
can also be anticipated from the distribution in 
fig. ta. It is, however, likely to vary when 
x, deviates from the equilibrium value. If 
the equilibrium value of B is very near unity 
the approximation made here may become 
critical but if it departs considerably from 
unity the approximation is not so bad. 

It is seen that the actual equilibrium value 
of B is among other factors determined by the 
value .of 7, chosen. It may be of interest 
to discuss this relation somewhat more. If the 
net equilibrium assimilation is b, then kıy.axı = b 
and 


or 


It has previously been assumed that y, takes 
on a constant value y,, while actually it varies. 
Although even a small variation of y, is im- 
portant for the whole dynamics of the cycle, 
one can expect, however, that the coupling 
of ya to the delay equation is relatively un- 
important. The fluctuations of y,, which are 
generally modest, will change the delay time 
t somewhat, but this cannot noticeably affect 
the dynamic behaviour of the system, apart 
from the case where the system is near to a 
state of neutral stability. 
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Abstract 


The Scandinavian CO,-sampling in 1955 is described. The mean results for the calendar 
year are given. Earlier CO,-measurements are discussed and a figure showing most of these 
values is given. The theory of Callendar is discussed and the Scandinavian values are compared 
with Callendar’s. The seasonal variations at the Scandinavian stations are compared and the 
results discussed. The possibility of drawing synoptic maps is discussed and one example is 
shown. The desirability of systematic CO,-measurements on a global scale is emphasized. 


Introduction 


During a conference on atmospheric chem- 
istry at the Institute of Meteorology, Univer- 
sity of Stockholm (Eriksson 1954), professor 
Buch pointed out the importance of the CO,- 
problem in the atmosphere and proposed. the 
organization of a network of sampling stations 
in Scandinavia for regular analyses. This pro- 
posal was accepted, and the authors of the 
present article were charged with the respon- 
sibility of organizing the work. The station 
network has been in operation since November 
1954. The location of the stations, the sampling 
technique and the method of analysis have 
been described earlier (FONSELIUS, KOROLEFF 
1955); current data are published in Tellus. 

From the data available up to now, it is 
possible to calculate yearly averages for in- 
dividual stations and to discuss certain aspects 


Table I 


CO, in ppm by volume 


|Mean| Station |Mean| 


Station Station |Mean 
Abisko 325 |Plönninge| 324 |Odum 326 
Öjebyn 323 |Bodö 319 |Luonetjarvi | 347 
Bredkälen| 324 |Vägämo | 328 |Tvärminne | 340 
Ultuna 328 |Bergen 337 |Rissala 337 
Flahult 319 |Askov 324 |Kauhava 335 


of the CO, problem. The results are shown 
in table 1. 

The average for all stations together is 329 
ppm (504 analyses). In order to avoid syste- 
matic errors between the analyses made in 
Stockholm and Helsingfors, double samples 
have been taken on several occasions during 
the year both in Stockholm and Helsingfors 
and analysed in both places. Table II shows 
that satisfactory agreement was obtained. 
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The mean values of the CO, measurements from the beginning of 1800 up to present time taken 


from the literature. Encircled the values used by Callendar and the results from the Scandinavian network 1955. 


Table II. 
= Suasmeprlre 
Place of Analysis 
eS ee eee: 
Helsingfors....... 32:5. | 352 | 347 | 337 | 347 | 348 
Stockbolnt 76... de 330 | 348 | 340 | 331 | 345 | 347 


A great lot of earlier CO,-measurements 
have been published and many surveys written 
(references I—I0, 14—16, 18—28, 30) but it 
is difficult to find much regularity in these 
measurements. If we put these earlier values, 
or in the case of series of measurements, the 
mean values for each year, in a diagram, we 
find that they spread over a large range, the 
highest values being greater than 600 ppm 
and the lowest about 250 ppm (Fig. 1). The 
highest values are found in the beginning of 
the 19th century, but from 1860 the means 
are concentrated around 300 ppm. This scatter 
in early values probably depends on the rather 
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crude and incomplete techniques of analysis 
used during the first fifty years, possibly with 
systematic positive errors. As the technique 
improved the resulting values tended to de- 
crease to about 300 ppm or lower. In 1938 
Callendar published a paper (CALLENDAR 1938) 
in which he discussed the possibility that the 
atmosphere had increased its CO,-content 
during the last so years, this increase being 
attributed to industrial combustion of fossil 
carbon in western Europe. He used the 
mean values of the longest and most accu- 
rate measurements published in the liter- 
ature and thus obtained a series of values, 
showing a mean value of 294 ppm in the pe- 
riod 1865 to 1900, with no trend, and then an 
increase to about 322 ppm during the period 
from 1900 to 1935 (CALLENDAR 1940, 1949, 
Bucx 1939 a.b.). 

The last measurements in this series were 
made by Buch 1935 in Scandinavia and the 
northern Atlantic, but since then very few 
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Fig. 2. The monthly mean values during 1955 for all stations in Scandinavia. 


measurements have been published. It is there- 
fore interesting to compare our values with 
Buch’s. Buch used the same technique in 
sampling and analysis as we use, a modified 
form of Krogh’s and Brandt Rehberg’s tech- 
nique, which makes the analytical data 
strictly comparable. In the diagram, the values 
used by Callendar and our mean values are 
encircled and we can see that our values fit 
in quite well. In spite of Callendar’s careful 
selection of values it remains a fact that the 
samples were taken with different techniques 
and that the analyses were made in different 
ways. Some samples were taken in few minutes 
in gas burettes, others during many hours or 
days by slow absorption. No attention was 
paid to the geographical distribution of the 
sampling places and to the seasons. If we are 
to detect trends, we need samples taken by 
the same technique, at the same hour of the 
day and at same place for several years, and 
the analyses have to be carried out with iden- 
tical techniques. The best thing would be 


to get samples from a network covering a 
representative portion of the earth’s surface. 
This ambitious program we have not yet been 
able to accomplish. However, the difference 
between Buch’s and our values suggest an 
increase of the CO, content in Scandinavia, 
but it is impossible to say at present whether 
this increase is just a fluctuation in the regional 
CO,-climate or if it represents a steady in- 
crease since 1935. 

As we know, the CO, in the sea tends to 
approach equilibrium with the CO, of the 
atmosphere (BucH 1939 b). Due to the large 
amount present in the sea, practically all CO, 
produced by industrial combustion would 
therefore sooner or later be taken up by the sea. 
This adjustment may be a very slow process 
and it is therefore possible that balance will 
be reached first after many years. Some CO, 
may also be taken up by the plants, thereby 
increasing the mass of assimilating matter 
(HUTCHINSON 1954). Lundegärdh (1953) and 
others have shown that the plants increase 
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their assimilation in higher CO,-concentra- 
x If Callendar’s theory is right the in- 
crease of CO, in the air is now about 10 %. 
In recent years one has tried to investigate 
the CO, problem by means of radio carbon 
dating, but very few satisfactory results have 
been obtained up to now. We know that the 
fossil carbon does not contain C!#, If therefore 
the CO, content of the air has increased by 
10 % due to burning of fossil carbon, the 
relative content of Clin the atmosphere should 
now be lower than so years ago. If we inves- 
tigate still living old trees the content of C14 
in the oldest rings should be higher than in 
the last rings. This would indicate an increase 
of CO, in the air by industrial combustion. 
SUESS (1955) has recently shown that the sam- 

les of trees from the 2oth century have a lower 
C1 content than older samples but that the 
worldwide increase due to industrial combus- 
tion computed this way amounts to less than 
1 %. This he interprets to mean that the ab- 
sorption of CO, by the ocean must be great- 
er than previously assumed. 
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Monthly and seasonal variations in Scandinavia 


If we take a look upon the results during 
the year 1955 for the individual stations in 
our network, we find quite large variations 
with time and it is difficult to compare the 
stations with each other. If, however, we use 
the monthly mean values it is easier to study 
time variations. These values are highest 
during the winter and decrease during the 
spring to the very low summer and autumn 
values and increase again during the winter, 
with some exceptions. The Finnish stations, 
for instance, show an opposite curve with 
the highest values during the summer. If we 
then look at the Danish stations (Fig. 2) we 
find that they all vary in a mutually consistent 
manner. This shows that stations in the same 
area are not much influenced by local CO, 
sources. This similarity of seasonal patterns is 
also shown by the Swedish and Norwegian 
stations. This comparison suggests the existence 
of regional variations in the CO,-climate but 
that one can avoid purely local effects by 
careful selection of station locations. To illu- 
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Fig. 3. The regional monthly and yearly mean values for Finland, Denmark, Norway and Sweden during 
1955. The result for all stations in Scandinavia together is also given. 
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Fig. 4. The seasonal means for all stations during 1955 using mean values of 3 months for each season. 


strate this we have lumped together the Danish, 
the Finnish, the Norwegian and the Swedish 
values in four separate curves (Fig. 3). The 
mean values for 1955 for each of the four 
countries are also shown in Fig. 3. The curve 
for the monthly mean values for Scandinavia 
is also given in the same figure. During 1955 
Finland had a much higher CO, mean value 
than the other countries. This may be a conse- 
quence of the prevailing air circulation, which 
brought more continental air to Finland than 
to the Scandinavian peninsula. Unfortunately 
the Finnish spring values are to some degree 
uncertain, depending on a post strike in Fin- 
land in March during which seven samples 
were lost. 

The difference between Finland and the 
other countries is brought out quite clearly 
if we use mean values for the seasons, taking 
the values for three months. in every mean 
value. We have divided the year in seasons 
taking January, February and March as winter- 
months in order to get all months from the 
same calendar year. Then we get April, May 
and June as springmonths, July, August and 
September as summermonths and the last three 
months as autumn. 


If we now take a look upon the seasonal 
curves (Fig. 4) we find that all stations except 
the Finnish ones, show very similar behaviour. 
The only one which differs much in winter 


Fig. 5. The approximate mean sea level pressure distri- 

bution during the summer 1955 from the pressure of 

nine days in July, August and September (the r:st, 
10:th and 2o:th). 
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is Ultuna which shows a very high value. 
This, however, is due to the fact that the 
samples were taken on an unsuitable place 
during the winter. 

The reason why the Finnish stations show a 
different curve, may also be due to the more 
continental climate of Finland. The many 
lakes in Finland cannot deliver CO, by 
warming up during the summer sufficient to 
account for the difference. It has been suggest- 
ed that forest fires in Russia might influence 
the CO, content of the air in Finland, but 
the air circulation over Finland during the 
summer of 1955 shows very few cases with 
air How from the forest belt region of Russia 
and smoke from such large forest fires were 
not observed in Finland that summer. Earlier 
they were common. If, however, we draw 
up a sea level mean pressure map (Fig. 5) 
over northern Europe for the nine days in 
the summer during which the air samples 
were taken, we find that there was a slow 
westerly air current coming in over Scandi- 
navia with a ridge of high pressure extending 
towards N.E. and producing stable anti- 
cyclonic weather. In Finland, on the other 
hand, air came up from the south or southeast 
and there are indications of a feeble low pres- 
sure system over southern Finland. The 
corresponding CO,-chart shows a minimum 
over Sweden with much higher values over 
Finland (Fig. 6). It is perhaps not inconceiv- 
able that the high summer time assimilation 
of CO, by vegetation was only partially 
compensated by relatively feeble downward 
transfer in the stable air over Sweden while 
more adequate compensation was possible 
over Finland through vertical transfer and 
through advection from the south. 


CO, in different air masses 


Sometimes it is possible to distinguish 
between airmasses by means of the CO,- 
values. In some cases we had a front just over 
Scandinavia during the time the air samples 
were taken and we can compare the CO, 
values on each side of the front. On 2oth of 
September 1955 a warm front moved west- 
ward over Finland and the front was just 
over the Bothnian Sea at 12° GMT. (Fig. 7.) 
Warm continental air from Russia moved in 
over Finland, while over Sweden and Norway 
Tellus VIII (1956), 2 
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6. The CO, mean distribution in ppm during 
the same days as in fig. 5. 


a northerly current of polar maritime air 
prevailed. The air samples in Finland showed 
very high CO, values, over 350 ppm, while 
in the other parts of Scandinavia the values 
were much lower. In a second case, Ist of 
September 1955, cold air was moving from 
west to east over Scandinavia and the front 
was located at 13 o'clock over Sweden, going 
east of Ultuna, west of Bredkälen and east 
of Ojebyn. The values in Finland and Bred- 
kälen showed still warm continental air with 
higher CO, content. 

In a third case, roth of August 1955 we 
have the front between continental and mari- 
time air just over Finland and again the Finnish 
stations showed higher values except Kauhava, 
which is located on the maritime side of the 
front. 
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These investigations will be continued and 
the results published in Tellus. We plan to 
increase the number of stations in Scandina- 
via and during the Geophysical Year samples 
will be taken on Nordöya at Spitzbergen by 
the Swedish-Finnish-Swiss Expedition. It 
would be highly desirable if systematic CO, 
investigations could be carried out also in 
other countries during the Geophysical Year. 
The knowledge about the CO, concentration 
and the geographical distribution, the yearly 
and monthly variation and the whole CO, 
cycle in the nature is very incomplete and the 
only way to investigate this problem is to 
carry out sampling and analyses over a large 
area simultaneousiy and consider all the 
meteorological factors. 
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Fig. 7. The surface pressure the 20:th of September 


1955 with the CO, values for the same day. 


REFERENCES 


. BENEDICT, F. G., 1912: The Composition of the Atmos- 


phere With Special Reference to its Oxygen Content. 
Washingten D.C., Carnegie Inst. 


. Brown, H. and EscoMBE, F., 1905: On the Varia- 


tions in the Amounts of Carbon Dioxide in the Air 
of Kew during the years 1898—1901. Roy. Met. 
Soc., London, Proceedings Ser. B 76, pp. 118—217, 19. 


. Buch, K., 1934: Beobachtungen über chemische Fak- 


toren in der Nordsee, zwischen Nordsee und Island, 
sowie auf dem Schelfgebiete nördlich von Island. 
Conseil perm. intern. p. l’exploration de la mer. 
Rapp. et Proc. verb. 89, p. 13. 


. Buch, K., 1939: Kohlensäure in Atmosphäre und 


Meer an der Grenze zum Arktikum. Acta Acad. 
Aboens:s. Mat. et Phys. XI, p. 12. 


. Buch, K., 1939: Beobachtungen über das Kohlen- 


säuregleichgewicht und über den Kohlensäure- 
austausch zwischen Atmosphäre und Meer im Nord- 
atlantischen Ozean. Ibid. XI., p. 9. 


. CALLENDAR, G. S., 1938: The Artificial Production 


of Carbon Dioxide and its Influence on Temperature. 
Quart. Journ. of the Met. Soc. 64, pp. 223—37. 


7. CALLENDAR, G. S., 1940: Variations of the Amounts 
of Carbon Dioxide in Different Air Currents.) Ibid. 
66, p. 395. 

8. — 1949: Can Carbon Dioxide Influence Climate? 
Weather 4, p. 310. 

9. CARPENTER, TH. M., 1937: The Constancy of the 
Atmosphere with Respect to Carbon Dioxide and 
Oxygen Content. Am. Chem. Soc. Journ. 59, pp. 
358—6o. 

10. EFFENBERGER, E., 1951: Messmethoden zur Bestim- 
mung des CO,-Gehaltes der Atmosphäre und die 
Bedeutung derartiger Messungen für die Biokli- 
matologie und Meteorologie (2. Teil). Ann. der Me- 
teorologie 4. 10/12, p. 417. 

11. ERIKSSON, E., 1954: Report on an Informal Confer- 
ence in Atmospheric Chemistry Held at the Mete- 


orological Institute, University of Stockholm, 
May 24—26, 1954. Tellus 6, 3, p. 302. 
12. — 1955: Report on the Second Informal Conference 


on Atmospheric Chemistry Held at the Meteoro- 
logical Institute, University of Stockholm, 31 May— 
4 June, 1955. Ibid 7, 3, p. 388. 


Tellus VIII (1956), 2 


Tes 


14. 


15% 


16. 


17. 


18. 


19. 


ZE 


. — 1919: Composition of 


CARBON DIOXIDE VARIATIONS IN THE ATMOSPHERE 


FonseLius, S., and KOROLEFF, F., 1955: Microdeter- 
mination of CO, in the Air, with Current Data for 
Scandinavia. Ibid. 7, 2, p. 258. 

HALDANE, J. S., 1936: Carbon Dioxide Content of 
Atmospheric Air. Nature 137, p. 575. 

HAMBERG, A., 1884: Hydrografisk-kemiska iakt- 
tagelser under den svenska expeditionen till Grön- 
land. K. Sv. Vetenskapsakademiens Handl. 10 (13), 
p- I—57. 

Hann, J., 1915: Lehrbuch der Meteorologie, 5, p.7, 
Leipzig. 

HUTCHINSON, G. E., 1954: The Biochemistry of 
the Terrestrial Atmosphere, Carbon Dioxide and 
Other Compounds. The Earth as a Planet, Kuiper 
IN, Pp. 3/70: 

Kreutz, W., 1941: Kohlensiuregehalt der unteren 
Luftschichten in Abhängigkeit von Witterungs- 
faktoren. Angew. Bot. 23, p. 89. 

Krocu, A., 1904: The Abnormal CO, Percentage 
in the Air in Greenland. Komiss. for Led. af de geol: 
og geogr. Undersog. i Gronland. 26, pp. 409—34. 

the Atmosphere, on 
Account of the Preliminary Invest. and a Program. 
Danske Videnskabernes Selskab, Math. fysiske Medd. 1 
(12), pp. I—I9. 

Letts, E., and Brake, R. F., 1900: The Carbonic 
Anhydride of the Atmosphere. Roy. Dublin Soc. 
Scient. Proceedings. New Ser. 9 (2), pp. 107—270. 


Tellus VIII (1956), 2 


22. 


DA 


24. 


28. 


29. 


30. 


. PETERMANN, A., and GRAFTIAU, J., 


183 


LUNDEGÂRDH, H. G., 1924: Der Kreislauf der 
Kohlensäure in der Natur. Ein Beitrag zur Pflan- 
zenökologie und zur Landwirtschaftlichen Dün- 
gungslehre. Jena. Gustav Fischer Verlag. pp. 1—308. 
— 1953: Die Kohlensäure als Standortfaktor. Klima 
und Boden, Lundegärdh 1953, pp. 514. 

Misra, R. K., 1950: Studies on the Carbon Dioxide 
Factor in the Air and Soil Layers Near the Ground. 
Ind. Journal. of Met. and Geophys. 1, 4, p. 275. 


5. PALMQVIST, A., 1893: Undersökningar öfver at- 


mosferens kolsyrehalt. K. Sv. Vetensk. Akademiens 
Handlingar 18 (2), pp. I—39. 
1892: Mem. 


cour. Acad. R. Belg., 47, 87. 


. Pozzı-EscoT, E., 1938: Hacia el conocimiento de la 


composiciön del aire en Lima, su Riqueza en an- 
hidrido carbönico. Revista de Ciencias Lima 40 (423), 
PP. 133—140. 

STEPANOVA, N., 1952: Bibliography on Carbon 
Dioxide in the Atmosphere. Met. Abstr. and Biblio., 
137. 

Suzss, H. E., 1955: Radio Carbon Concentration in 
Modern Wood. Science 122, 3166, p. 416. 

Woıny, M. E., 1880: Untersuchungen über den 
Einfluss der Pflanzendecke und der Beschattung auf 
den Kohlensäuregehalt der Bodenluft. Biedermanns 
Zentralblatt für Agrikulturchemie und rationellen 
Lantwirtschaftsbetrieb. 9, pp. 402—6 Cit. Met. Abstr. 
and Biblio. 1952, p. 146. 


Techniques for the Chemical Identification of Micron and 


Submicron particles” 
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(Manuscript received November 22, 


1955). 


Abstract 


Chemical methods are presented for routine identification and size estimation of water- or 
acid-soluble particles of a number of chemical species, using spot test techniques and light or 
electron microscopy. Although the work reported here is primarily that of the authors and 
their co-workers, a brief literature survey of work in other laboratories is included. 


I. Introduction 


The problem of determining quantitatively 
the particulate constituents of the atmosphere 
has been of increasing interest in recent years. 
Since sea foam releases large numbers of sea- 
salt particles, the halide content of air has been 
taken as an indication of its maritime or 
continental character; it has also been specu- 
lated that rain from non-freezing clouds is 
initiated by sea-salt (Woopcock and GIFFORD 
1949). Sulfate is largely of urban origin, and 
hence, in the absence of volcanic on or 
forest fires, may be a measure of industrial air 
pollution. The concentrations of other ions 
may similarly be related to other conditions, 


1 The research reported in this paper has been sponsor- 
ed by the Geophysics Research Directorate, Air Force 
Cambridge Research Center, Air Research and Devel- 
opment Command, under Contracts AF 33(038)-25913, 
AF 19(604)-618 and AF 19 (604)—1388. 

2 Portions of this paper were presented before the 
124th and 127th annual meetings of the American Chem- 


ical Society and at the Conference on the Physics of 


Cloud and Precipitation Particles, Woods Hole, Massa- 
chusetts, September 7—10, 1955. 

3 Present affiliation: Robert A. Taft Sanitary Engineer- 
ing Center, U.S. Public Health Service, Cincinnati, Ohio. 


and may be of interest to the meteorologist, 
the geochemist, or the air pollution se 

Classically, the identification of fine particles 
has been accomplished by three means: (a) 
collection on a microscope ‘slide and identifica- 
tion on a morphological basis, (b) collection 
on a microscope slide and identification by 
micrurgy (see, for example, CADLE, 1951), or 
(c) impingement on a liquid, Followed by 
analysis of the resulting solution. Of these, the 
first is slow, requires great skill, and may well 
be subject to error when substances are 
polymorphic, or when a layer of one substance 
collects on the surface of another: the second 
is still slower and is virtually impossible with 
particles below ca. 5 microns; the third does 
not suffer from these limitations but provides 
no information on particle size or concentra- 
tion, giving only the mass of a particular 
N! species in the volume of air sampled. 

Probably the best adaptation of this method 
is that of June (1953, 1954), who utilized a 
cascade impactor to divide the particles into 
size classes, and analy zed the washings from 
the slides of this instrument. Two. rather 
different techniques for the identification of 
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hygroscopic particles were devised by Twomey 
(1953, 1954) and Woopcock and GIFFORD 
(1949; Woopcock, 1952). Both use an 
atmosphere of controlled moisture content. 
The former identifies particles by the precise 
relative humidity at which the transition from 
solid particle to solution droplet occurs, while 
the second utilizes the relationship between 
humidity and drop diameter after the transition. 
To date no study has been published of the 
specificity of either method, although it is to 
be expected that the first of these two is more 
specific. Both methods are quite time-con- 
suming, but appear to have the advantage of 
detecting the chemical species present, rather 
than one ion or the other. 

The electron microscope has been utilized 
for the examination of air-borne particles by 
Kurorwa (1953), KuMaï (1951), Facy (1952), 
JUNGE (1953, 1954), and others. Except in 
cases where selective diffraction is readily 
applicable, identification is difficult. Facy 
(1952) has shown in a study of naturally 
occurring sea-salt particles that crystals of quite 
different physical appearance could be demon- 
strated to be sodium chloride. Furthermore, 
crystals smaller than about 0.5 micron, or 
cubes placed flat on their sides, often fail to 
give electron diffraction patterns. 

Rapid methods may be devised for particles 
larger than ca. I micron using modified spot 
tests, as shown by SEELY (1952, 1955), and 
FIDELE and VITTORI (1953; VITTORI, 1954), as 
well as by workers in this laboratory (LODGE, 
1954; LODGE and FANZOI, 1954; LODGE, Ross, 
SUMIDA and TUFTS, 1955; PIDGEON, 1954; 
Turrs and LODGE, 1955). These researches 
have demonstrated that special microchemical 
techniques for the identification of particulates 
may be made quantitative, reproducible and 
rapid. 

Development of techniques of this type in 
our laboratory has proceeded along three 
different lines, distinguished primarily by the 
method of sampling. These are (a) impaction 
upon gelatin, (b) filtration with membrane 
filters, and (c) thermal precipitation upon 
Formvar-covered electron microscope grids. 


II. The Gelatin Technique 


The fundamental technique of performing 
chemical reactions in a medium of gelatin was 
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apparently discovered by Liesegang, and was 
adapted to microchemical analysis by 
WINCKELMANN (1931, 1933, 1935). Its use for 
the analysis of air-borne particles was worked 
out independently by SEELY (1952, 1955) and 
by FIDELE and Virrorr (1953; VITTORI, 1954). 
Both use impaction of the particles on gelatin 
pre-impregnated with a selective reagent. 
Because of the interest in halide identification, 
PIDGEON (1954), working in this laboratory, 
made a careful study of the growth and fading 
of the reaction spots, or halos, caused by the 
interaction of sodium chloride with the 
mercurous fluosilicate reagent. 

If conditions are carefully controlled, the 
diameter of the halo should be a monatonic 
function of the mass of reacting ion in the 
particle, or, approximately, of the size of the 
particle. This relationship will, of course, break 
down if very dilute solution droplets are 
impacted; these could have a diameter far larger 
than the halo size equivalent to the mass of 
salt they contain. Such a phenomenon could 
be recognized by the extreme faintness of the 
halo compared with others in the sample. 
Furthermore, the halo size vs. particle size 
relationship is obviously not precise, since the 
nature of the other ion or ions present will 
affect the relationship between mass of, e.g., 
halide in a particle, and the dimensions (or 
volume) of the particle. However, the aerosols 
forming the predominant portion of the air’s 
particulate load contain only the elements of 
the first three periods, and hence errors of 
this sort will be small. For example, the ratio 
of the diameters of particles of potassium 
chloride and ammonium chloride containing 
equal masses of chloride is ca. 1.03; between 
calcium chloride hexahydrate and ammonium 
chloride the ratio is 1.23. Hence, in the mean, 
errors from this source should be small com- 
pared with counting error, uncertainty in 
measurement, and errors in the relationship 
between halo and particle size as determined 
experimentally for one chemical species. We 
shall refer to the ratio of halo to particle size 
hereafter as the “growth factor”. 

Pidgeon approximately verified Seely’s fac- 
tor of about 8 for the mercurous fluosilicate 
gelatin prepared according to the formula given 
in his paper (Figure 1). It should be obvious 
that this value is a function of reagent concen- 
tration. 
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Fig. 1. Relation of particle size to halo size. (PIDGEON 1954; reproduced 


by permission from 


She also showed that the technique is 
extremely limited in its application to particles 
below 10 microns, owing to the rapid fading of 
the halos. Roughly so per cent of the halos 
from particles of this size will have faded after 
seven hours’ standing. 

LODGE and FANZOI (1954) developed gelatin 
tests for sulfate, nitrate, and calcium ions in 
soluble particles, using, respectively, barium 
chloride, nitron, and ammonium ferrocyanide 
as reagents. No growth factors were deter- 
mined, and these methods were never given 
extensive field tests. 

SEELY (1954) also developed a number of 
ingenious tests for other substances, among 
them sodium, potassium, carbonate, iodide, 
copper, and members of the first triad. Virrort 
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(1954) devised somewhat less specific tests for 
sulfide, carbonate, sulfate, ammonium and 
silver. 


Ill. The Millipore Technique 


LODGE (1954) applied the same philosophy 
of testing an entire collection for a particular 
ion to collections made by filtration on 
Millipore.t Millipore is derived from the 
“membrane filters” of Sanarelli, Zsigmondy 
and others (GoETZ, 1947). As available, it is 
remarkably porous, being over 80 per cent 
void, and retains quantitatively particles below 


1 Millipore is a commercial membrane filter manu- 
factured by the Millipore Filter Corporation, Watertown 
72, Massachusetts. 
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0.1 micron. Particles are retained primarily in 
the first 10 microns of its 130-micron thickness. 
It provides a uniform surface for spot tests, and 
becomes transparent when treated with micro- 
scope immersion oil, permitting ready micro- 
scopic examination of the reaction spots. 

The individual tests were checked to assure 
that a halo was obtained from every particle. 
In order to do this, individual filters on which 
the test material had been sampled were cut 
in two; half was treated chemically, and the 
other half was examined directly. In all cases 
the number of halos was equal, within statistical 
error, to the number of particles in an equal 
area of the untreated portion of filter. 

In addition, LODGE, Ross, SUMIDA and Turts 
(1955) determined growth factors for several 
of the tests. It should be evident that the 
considerations discussed in the previous section 
apply to growth factors in all techniques. 
Specific reactions were developed for ammo- 
nium, calcium, magnesium, halide, sulfate, and 
nitrate ions. 

All of the tests utilized the same general 
method. After sampling, the filter was removed 
from the filter-holder with forceps, and either 
floated, sample side up, on the reagent solution, 
or placed on a pad of blotting paper saturated 
with the reagent. The proper reaction times 
ranged from a few seconds to 20 minutes. 

Following this “development”, the filter 
was in most cases washed by immersion in 
successive portions of distilled water. In one 
case, the excess reagent was removed by placing 


Fig. 2. Detection of calcium ion in chalk dust caught 

on Millipore. Sample was suspended over concentrated 

hydrochloric acid fumes for five minutes, then reachted 

with ammonium ferrocyanide. (LODGE, 1954; reproduced 
by permission from Analytical Chemistry). 
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Fig. *3: 
particles reacted 
1954;reproduced by permission from Analytical Chemistry.) 


Halide reaction on Millipore. Sodium chloride 
with mercurous fluosilicate. (LODGE, 


the filter on successive pieces of blotting paper 
saturated with distilled water. The filter was 
finally dried in a desiccator, placed on a 
microscope slide coated with immersion oil, 
covered with a cover glass, and examined under 
dark-field illumination for the characteristic 
reaction spots. 

The ammonium ion test used Nessler’s 
solution as reagent. The reaction spots are 
yellow to orange crystals surrounded by a pale 
yellow halo. They tend to fade on standing. 

The test for calcium ion utilized a 30 per 
cent aqueous solution of ammonium ferro- 
cyanide, which reacts to give circular groups 
of fine white crystals (Figure 2). Soluble ferric 
salts, if present, give transparent stains of 
Prussian blue. The growth factor was shown 
to be a rather complicated function, ranging 
from 1.4 to 3, and increasing with increasing 
particle size. 

Magnesium ion was detected by means of 
the “lake” formed when magnesium hydroxide 
is precipitated in the presence of the dye 
p-nitrobenzeneazo-x-naphthol. The blue spots 
formed fade rather rapidly; hence, the filter 
was examined immediately, while still moist, 
by surface illumination. Using 7.5 per cent 
sodium hydroxide as the precipitant, a growth 
factor of 1.88 was obtained. 

Halides were detected by the same reagent 
used in the gelatin method-mercurous fluo- 
silicate in dilute fluosilicic acid (Figure 3). The 
halos are bluish circles composed of very fine 
crystals of mercurous chloride. For a reagent 
containing 3 drops of 30 per cent acid per 5 
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Fig. 4. The nitrate test on Millipore, using 
nitron as reagent. 


ml. of 5 per cent aqueous mercurous fluosilicate, 
the growth factor was shown to be 4.73. 

The sulfate reagent was warm, saturated lead 
nitrate solution containing 1 ml. of concen- 
trated nitric acid per 25 ml. of solution. The 
reaction spots are somewhat grainy white 
areas. The growth factor was found to be 1.68. 

The nitrate test utilized a 4 per cent solution 
of nitron in 10 per cent acetic acid. Beautiful 
stellar radiates of nitron nitrate are obtained 
from nitrate particles larger than about 2 
microns (Figure 4). There appears to be no 
single growth factor for the test; the halo and 
particle sizes are related by the equation 


dy =3.73 d, + 6.29 


where d, is particle diameter, and dj, is the 
diameter of a circle of area equal to the 
projected area of the crystals in the radiate. 

Of these tests, only halide and sulfate have 
been fully field tested. Several papers have 
been published based upon the halide method 
(LODGE, 1955; LODGE and BAËER, 1954; LODGE, 
McDonatp and BAER, 1954). 
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IV. The Electron Microscope Technique 


The lower limit of identification of the 
foregoing methods is determined by three 
factors: 


1) the solubility of the precipitate formed, 
2) the halo vs. particle size relation, and 
3) the resolving power of the microscope. 


The nitrate test on Millipore is apparently a 
case limited by the first factor; the other two 
factors interact in a way perhaps not immedi- 
ately obvious. It is evident that if the growth 
factor is ten, a smaller particle may be detected 
than if it is unity. However, it must be re- 
membered that it is not sufficient merely to 
see a halo; one must also be able to distinguish 
it from particles of other substances. For this 
reason, if a test is not limited by a solubility, 
the lower limit must be considered to be that 
particle size corresponding to a halo diameter 
of about I micron. 

Many atmospheric particles exist in the 
smaller size ranges, so it was of interest to 
attempt to push this general method to these 
lower sizes. Since factors 1) and 2) above could 
not be conveniently controlled, at least over 
a range large enough to be significant, it 
seemed logical to attack the problem by an 
increase in resolving power, i.e., by use of the 
electron microscope (Turts and LODGE, 1955). 

Collections were made by thermal precipita- 
tion directly on the specimen grids. Depending 
on the reagent to be applied, stainless steel or 
electrolytic copper grids were used. The 
substrate in all cases was Formvar (polyvinyl 
formal). 

Techniques were developed for halide and 
sulfate, and further work on other ions is 
planned. Growth factors were determined (a) 
by examining the same areas before and after 
chemical treatment, and (b) by examining 
different areas before and after treatment. The 
former method had the advantage that halo/ 
particle ratios are obtained directly for indi- 
vidual particles; however, there is always 
some danger that the electron beam has 
partially evaporated or otherwise changed the 
specimen. Hence, the second method, using 
statistical treatment similar to that outlined for 
the Millipore technique, provides a check on 
the first. 

The halide reagent was the same as that 
used for the Millipore test. Sulfate was identi- 
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fied using a mixture of 1 ml. of concentrated 
nitric acid and 25 ml. of water, saturated with 
respect to both barium and lead nitrates. In 
both tests, the sample was floated on a drop of 
the reagent, collection side down, then washed 
in a drop of distilled water. After drying in a 
desiccator, the specimens were examined at 
appropriate magnification. The characteristic 
halo in the halide test consists of a circular 
mass of interlaced needle-shaped crystals 
(Figure 5). The sulfate reaction gives slightly 
more irregular clusters of cubes, each about 
400 À. U. on a side. The growth factors were 
3.6 and 1.60, respectively. The lower limit of 
detection of halide was roughly so A. U., 
while sulfate is more strongly solubility- 
limited, and gave virtually no halos for 
particle sizes below 1,000 A. U. 


V. Conclusions 


Chemical methods can provide techniques 
for relatively rapid analysis, both qualitative 
and quantitative, of atmospheric particulate 
matter down into the Aitken nuclei size range. 
It is felt that such spot test methods are more 
reliable and more rapid than the other tech- 
niques presently in the literature. 

The work is being continued. 


Tellus VIII (1956), 2 


189 


Fig. 5. Detection of halide with the electron micro- 


scope. Sodium chloride particles with mercurous 
fluosilicate on a Formvar substrate. 
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Abstract 


Analyses of 62 rainwater samples collected at the University of Illinois Airport near Savoy, 
Ill., showed that on the basis of equivalent concentrations, the chloride is equal to the sum of 
sodium and potassium. Sodium was three times the potassium. Calcium plus magnesium 
was Io times the chloride and equal to the sum of the bicarbonate and sulfate. The sulfate was 
equal to twice the sum of ammonium and nitrate. 

These results indicate salt from sea mist to constitute a negligible proportion of the mineral 
content. They also indicate the presence of air pollution by the combustion of fuel. 


Introduction 


A number of hypotheses exist on causes for 
the inception of rainfall. Laboratory studies 
indicate that relative humidities of up to soo 
percent may be reached with no condensation, 
‘Condensation does not begin until water 
vapor has a suitable surface (nucleus of con- 
densation) on which to condense” (JOHNSON, 
19). One school of thought suggest sodium 
chloride (as sea salt) as the principal nucleus 
of condensation. (WOODCOCK, 1950 and 1952, 
WRIGHT, 1940). 

For the purpose of determining its presence 
and the general mineral composition of rain- 
water, a series of 64 samples were collected 
over the period from Oct. 26, 1953 to Aug. II, 
1954 at the Illinois Water Survey Meteoroiog- 
ical Laboratory at the University of Illinois 
Airport near Savoy, Illinois. Most of these 
samples received a more complete mineral 
analysis than has ever been previously attempt- 
ed. A thorough review and bibliography on 
the composition of atmospheric precipitation 
has been published by Errxsson (1952 and 
1955). 

The results of these analyses proved to be 
interesting although not entirely conclusive. 
A number of relationships were established 
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from the data. The most significant appear to 
concern the relative low concentration of 
sea salt and also the abnormal air pollutants 
present in a non-industrial midwestern at- 
mosphere. 


Sampling 


Samples were collected in a rigid 48 inch 
diameter stainless steel pan which delivered 
the rainwater by plastic tubing to one gallon 
borosilicate glass bottles previously cleaned 
and thoroughly rinsed with ammonia-free 
water (600,000 ohm-cm). The location of 
the sampling pan was so feet above the ground 
surface on the southwest corner of a 47 foot 
radar tower during the collection of the first 
21 samples. For the remainder, the sampling 
pan was located in an open field, 90 feet east 
of the nearest building and 10 feet above 
the ground. Sample 14 was collected at the 
base of the tower. 

Except for the periods of collection during 
rainfall, the pan was covered tightly with a 
stainless steel cover. Prior to sampling, the 
pan and drain tube were rinsed with 4 liters 
ammonia-free water. 

Rainfall rates and synoptic conditions are 
indicated in Appendix B. 
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Storage 


After collection, the samples were delivered 
to the Water Survey Chemistry Laboratory 
and stored at room temperatures until anal- 
ysis. The bottles were glass stoppered and 
protected from dust by aluminum foil. 

Several composition changes probably oc- 
curred during storage. Since loss or gain of 
carbon dioxide is uncontrollable in storage 
as well as during collection of samples, pH 
determinations are worthless and are not 
reported. 

Although it is conceivable that some 
causticity and silica may have been dissolved 
by long contact with the bottles, it did not 
appear to be significant since at least three 
samples were found to have less than 0.05 
ppm sodium. 

It is probable that changes occurred in the 
form of nitrogen during storage. It is well 
known that bacteria often convert ammonia 
to nitrate. Therefore, since no provisions 
were made for sterilization, all considerations 
of ammonia and nitrate are made on the 
basis of the sum of equivalents of the ammonia 
and nitrate. It should be recognized also that 
conversion of ammonia to nitrate results in 
an increase in acidity which in turn produces 
free CO,. For example, in sample 49 the ab- 
sence of ammonia and presence of appreciable 
nitrate may have induced a low value in the 
determination of alkalinity. It should be 
noted that the nitrate determination also in- 
cludes nitrites. 


Filtration 


With the exception of samples ı to 12 and 
17 to 20 and all sulfate determinations, the 
aliquots were obtained for analysis by pi- 
petting from supernatant water after allowing 
a long period for turbidity to settle. The 
chloride, sodium, and potassium results for 
filtered samples are considered unreliable 
since subsequent experiments indicated that 
no amount of rinsing of filter paper would 
completely eliminate contamination there- 
from. These results of the first 12 samples 
were not used in correlation. Chloride conta- 
mination was reduced after thorough washing 
to .03 -.07 ppm from filter papers used for 
samples 17 to 20. Sodium contamination by 
filtration appeared to be difficult to avoid. 
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Methods 


Results (Appendix A) of determinations for 
various components are expressed as equiva- 
lents per billion! (epb) or micro-equivalents 
per liter (weg. 1-1). The maximum difference 
betweenthe sum of cations and that of anions 
was 3 epb (No. 57) and in general was less 
than 12 epb. Fig. ı shows that in almost every 
sample the total cations were less than the 
anions. Several reasons may be suggested for 
this. First, the previously discussed error in- 
troduced by storage conversion of ammonia 
to nitrate; second, a possible but unlikely 
negative error in hardness or positive error in 
sulfate and/or nitrate; third, the possible 
presence of an unidentified component. The 
belated discovery of 0.14 ppm (15.6 epb) 
aluminum (as Al) in sample 62 aided the 
balance considerably after repeated determina- 
tions of hardness failed to provide a satis- 
factory endpoint. 

Dark room techniques and the use of low 
actinic glassware were necessary for the deter- 
mination of chloride, ammonia, and nitrate. 

The analytical methods were constantly 
being modified and improved. All procedures 
were modifications of procedures in Standard 
Methods of Water Analysis (1946), with 
the following exceptions: Chlorides were de- 
termined by the Mercuric nitrate procedure 
(CLARKE, 1950). Sodium and potassium were 
determined with a flame photometer. The 
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most significant improvement occurred in the 
determination of alkalinity and acidity (Lar- 
SON and HENLEY, 1955) which improved 
the accuracy to +.05 ppm (1 epb). 

Although the accuracies of most deter- 
minations were good to excellent, the possible 
errors were significant and any correlation 
must consider these as well as the possible 
changes in quality during storage. 

In general the following limits of accuracy 
prevailed: | 

chloride, + 1.1 epb (excluding samples 8, 
DES CT TONI UTON20 02346 0MandST 
where the error may have been +4 to 8 epb). 

sulfate, +0.8 epb (excluding samples s, 14, 
Ba 22 N 028, 32,37, 43547, andis7 where 
the error may have been + 2 to 6 epb de- 
pending on the available volume of sample) 

nitrate, +3.9 epb. 

alkalinity, ro epb for sample 1 -ı2A and 1 
epb for the remainder. 

sodium, + 0.8 epb. 

potassium, + 0.4 epb. 

ammonia, + 1.7 epb. 

hardness, +10 epb (excluding 6, 11, 12A, 
and 62 where the error may have been + 
16 to 28 epb and 49 — 61 where the error was 
no more than 1 epb). 

The total mineral content was estimated 
by converting the 25° C. resistivity to ppm 
(parts per million) using an empirical factor 
of 56430. This factor, although adequate for 
normal ground waters in Illinois, requires 
adjustment for rainwater samples (Fig. 2) 
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and is not applicable for acidic samples due to 
the presence of significant concentrations of 


highly conductive hydrogen ion. 


Correlation 


It is obvious that the absolute concentra- 
tions of various components of each sample 
are not of significance for correlation pur- 
poses, since a certain amount of washout of 
water-soluble dust particles occurs at the 
beginning of each rainfall. In eight rainfalls 
two or more consecutive samples were col- 
lected: 

Table I 


SCAN TANTE ers 8,9 


tNUNGeESHOWELSIES EME ee 24, 25 


The hardness and chloride of the successive 
samples were, within analytical error, usually 
less and in any event not more than that of 
preceding samples. 

Correlations therefore were attempted on 
the basis of relative concentrations of the 
various components. It became evident, as 
data were accumulated, that a fairly con- 
sistent pattern was developing which, with 
few exceptions, favored all samples. 

In general, on the basis of equivalent con- 
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centrations in epb, it may be said that for 
samples collected at this point, the chloride 
was equal to the sum of the sodium and the 
potassium (Fig. 3), and the sodium was about 
three times the potassium (Fig. 4). The hardness 
(calcium and magnesium) was about 10 times 
the chloride (Fig. 5) and equal to the sum of 
the bicarbonate plus the sulfate (Fig. 6). 
The sulfate was equal to twice the sum of 
the nitrate plus the ammonium (Fig. 7). 
Twenty one of the 52 samples (nos. 13 — 62) 
used for these relationships showed significant 
deviations. No sample deviated in more than 
three relationships of the five and there were 
only four (nos. 13, 14, 201, 28) with three 
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deviations. In all four the chloride was low 
(no. 20) or high (13, 14, 28) both with respect 
to hardness and to sodium plus potassium 
content, indicating probably contamination 
in the chloride determinations. In sample 23 
sodium was low with respect to the sum of 
potassium and sodium and low with respect 
to chloride, indicating a possible error in the 
sodium determination. 

Certain other exceptions were explainable. 
In three of the greatest deviations from the 
hardness-chloride relationships, the atmos- 
phere was reported very dusty prior to collec- 
tion of the samples (nos. 18, 20, 49). In control 
samples No. 12A and 22A, the collection pan 
was left exposed under conditions of no 
rainfall for 36 hours and 5 hours, respectively, 
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= ET Dés a ee eee ee 
SO, Acidit 
No Date epb No. Date epb 2 
ET oe ee el eee 
ey) OY IE 131 
12 À 12/21/53 168.5 
I 1/20/54 100 
25 4/ 5/54 4 
26 4/ 6/54 3 
2 aD. 27 4/ 7/54 6 
28 4/10/54 IIo 28 4/10/54 6 
29 4/10—11/54 12 
| 31 4/15/54 3 
2 4/22—23/54 233 2 4/22—23/54 55 
35 5/10/54 131 
36 4/16/54 II 
37 4/16/54 2 
39 4/27/54 3 
43 6/1/54 II 
59 8/3, 4/54 4 
60 8/4/54 17 
61 8/4/54 10 
62 8/12/54 166 62 8/12/54 96 


and washed with 2,000 and 1,200-ml portions 
of water. Sample 12A also had an excessive 
hardness. 


Discussion 


Sodium, Potassium. Since the sodium to 
potassium ratio of 3:1 and the chloride to 
sodium plus potassium ratio of 1:1 are so 
consistent there is little reason to believe that 
ocean spray salt (Na:K::47:1) is the source of 
chloride in the atmosphere? on this vicintiy, 
unless a base-exchange equilibrium is estab- 
lished with minute particles of insoluble clay 
in the samples. This should be unlikely, since 
potassium generally replaces sodium on the 
insoluble clay and also since it would not be 
expected that a uniform proportion of sea 
salt and clay particles would be present in the 
atmosphere. 


1 Since preparing this manuscript the excellent paper 
by Emanuelsson, Eriksson and Egner (Tellus 6, p. 261, 
1954) has been called to our attention. It appears clear 
that sodium chloride from sea mist falls out at a more 
rapid rate than potassium chloride. This should be highly 
conceivable due to the formation of larger crystals of 
sodium chloride than potassium chloride, since the greater 
concentration of sodium in the mist droplets would 
cause sodium chloride crystallization and growth within 
the droplet on evaporation before potassium chloride 
crystallization. The tormenting enigma of increasing 
sodium to chloride ratios still exists. It detracts from the 
above concept only to a minor extent. 
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Hardness-Sulfate, Alkalinity. If it is assumed 
that the presence of sulfates results from 
oxidized sulfur from the combustion of coal, 
gasoline, oil, and gas, sulfur trioxide will 
react quantitatively with any dissolved or 
undissolved calcitic or dolomitic particles to 
release carbon dioxide. The sulfate content 
plus the bicarbonate content (alkalinity) there- 
fore should equal the hardness plus excess 
hydrogen ions (acidity or negative alkalinity). 
This relationship appears to be very good 
over the wide range of concentrations recorded. 
It would appear to confirm the conclusion 
that the greatest percentage of the water- 
soluble atmospheric particles is of calcitic or 
dolomitic origin. 


Sulfate, Nitrate-Ammonia. The sulfate con- 
centrations were not related to the chloride 
nor the hardness. Therefore the presence of 
sulfate is considered to be abnormal. The 
high concentrations did not appear to be sea- 
sonal as shown in Table II. 

Similarly the nitrate and ammonia concen- 
trations had little relation to chloride or to 
hardness, and again the high concentrations 
did not appear to be seasonal. 

The nitrate plus ammonia content does 
appear to be related to sulfate in a 1:2 propor- 
tion (Fig. 7). 

In six samples (Nos. 27, 28, 58, 59, 60, 61) 
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which showed a higher than “normal” ratio 
of nitrogen to sulfur (Fig. 7) all but one (No. 
28) were associated with thunderstorms. It is 
probable that the combined nitrogen over- 
shadowed that which may have been produced 
by lightning in the other samples collected 
during thunderstorms. 

Since the sulfur-nitrogen ratio was fairly 
constant, and did not appear to be related to 
“normal” constituents, it is probable that the 
greater portion of both result from combustion 
of fuels and probably primarily from a single 
source. 

It has been established that nitrogenous 
products, as well as sulfur products, result 
from combustion of various fuels other than 
coal in the Los Angeles atmosphere (MacıLL 
and BENOLIEL, 1952). (Table III.) 


Table III 
Sulfur | Nitrogen pee Er 
(as SO,) | (asNO,) (as NH,) (epb 
tons/day] tons/day tons/day| ratio) 
Fuel Oil (1)| 220 100 — 2.8 
Fuel Gas (2) "84 140 4 8 
Gasoline... 30 40 4 .85* 


* At road speeds this ratio is lower due to 
greater fixation of nitrogen. 


Also on the basis of 4 % sulfur and 1.7 % 
nitrogen in eastern Illinois coals, the equivalent 
ratio of sulfur to nitrogen would be 2. 1:1. 

In Diesel fuel sulfur is quantitatively con- 
verted to oxides on combustion (SCHRENK and 
BURGER, 1941) and nitrogen oxides are formed 
in various concentrations depending on the 
fuel—air ratio and speed. In a series of five 
tests by the Bureau of Mines (BURGER, ELLIOT, 
Hottz and SCHRENK, 1943) using fuel of 2.4 % 
sulfur content, the exhaust gases had equi- 
valent ratios of sulfur oxides to nitrogen 
oxides of 1.8 to 9.2. 

No information appeared to be available 
on the expected ratio from railroad Diesel 
engines or from aviation gasoline. It may be 
expected, however, that the sulfur content 
of these fuels is negligible. 

A sketch showing the collection pan locations 
and relative distances to sources of sulfur and 
nitrogen combustion gases is shown in F8. 

Considering the two separate parameters: I, 
sulfate, as an indication of unnatural mineral 
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trains/day 
14 Diesel pass. 
& freight/day 


18 Mi. to 
industry 


700 tons 
coal /day, || 
Winter || 


Pre. Winds. 
Summer 


LOCATION OF RAINWATER SAMPLING EQUIPMENT 
ILLINOIS STATE WATER SURVEY 
1955 


Fig. 8. 


or gaseous content of rainfall; and 2, chloride, 
as an indication of the natural mineral content 
of rainfall, it was of interest to further correlate 
these components with an approximation of 
the rates of rainfall during the periods of 
collection of samples (Appendix B). 

In Fig. 9, it appears conclusive that the sulfate 
concentration of rainwater decreases with 
increased rate of rainfall. This appears to in- 
dicate the presence of a limited quantity in 
the lower atmosphere which is removed at 
each period of precipitation. The spread in 


O 
fe) 


epb SULFATE 


Ol J 10 
RAINFALL RATE (IN./HR.) 


Fig. 9. 
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epb CHLORIDE 


RAINFALL RATE (IN./HR) 
Fig. Io. 


values is to be expected due to 1, the approxi- 
mation of rates of rainfall (This would mean 
the rate at which the bulk of the sample was 
collected was usually higher than indicated.) 
and 2, an expected variability of sulfur gases 
in the atmosphere. 

On the contrary it appears in Fig. Io that 
the chloride content does not appear to be 
dependent on rate of rainfall. 
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Suggestions 


If this study were to be repeated, a number 
of samples should be collected aloft near the 
point of inception of ice or rain. Washed 
sam ples of hail should provide similar infor- 
mation uncontaiminated by wind-blown soil 
or the majority of air pollution. 

Analyses for silica and alumina should be 
included for possible identification of clay 
types. It may be desirable to employ spectro- 
graphic means to identify silt sediments from 
the samples. 

All determinations should be made sensitive 
to less than 1 epb with standard deviation less 


than 1 epb. 
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Appendix A 


de Totals 
_ = (Gis x oe c+ N eS 
ate canes 2 Ch SOMIRNOE Alk. | Na Re EN, | = | Gh) 
Volume EURO ES A I JE ER ee ee ee a Eee 
epb | epb | epb | epb | epb | epb | epb | epb | ppm | ppm | epb | epb 
10-26-53; 4 liters] I 113 ERS) En, 90, 8.77 2,610 2258 2.240 tar 20.6 191.8| 228.1 
10-26-27-53; 3 1 2 14.1| 101.9 20.9 30. 8.7 3.01 4727 86| 11.2 13-7 166.9| 146.0 
10-27-53; 4 liters} 3 ae Se 2205 30 8.7, 108 SIC 5.7 6.8 92.7| 49.0 
10-27-53; 4 liters} 4 2.8] 45.8 SN 20 4.4 EO} 278 4 723 3:8 Fag || ie 
IO-27-53,1,400ml| 5 2.8] 49.9 9.0 CHe)) ET3.L E:8l 72 = 8.7 — Or A 
11-20-53; 500 ml] 6 — — Siren _ 69.6| 15.4| 29.4| 352 
I-A te terle7 — — ZA 60 SETI 3:31850.5| 2r207 814 = 
12-2-53, 12-3-53; 

DO alle ne 8 SRE. 2071 Io 52.2] 3.3| 18.9| 126| 17.6] 11.9| 203.7| 200.4 
123,534 ters. |E 9 11.3| 47.8 5.2 20 17 AIN 1.81 07.8838 7.0 6.5 84.3] 65.0 
12-5-53; 4 liters.| Io 228 shiva? ART 40 BE OS IE CT © 3.6 6.7 78.710.023 
12-5-53; 2,300 ml| II BOM Or SIM 20 30 13.1 5:9|_ 28.3) 1201) M2535 Olt 7035 9109-3 
12-9-53; 2,800 ml| 12 5.6| 68.6] 11.8 Io Sr Ann = 8.8 
12-21-53; 2 liters} 12A 33.8] 168.5} 31.2 230 21:8| 5.41 18:9}, 644: | 37.91 056: 463.5 | 690.1 
I-20-54; 600 ml.| 13 100.5| — 55.5 — 32.2| 9.2| 47.2] 740 | 53.2| Anal. | incomp| 82 
1-26-54; 1,500 ml] 14 21.4| 156 16.3 = 7.4 2.3] 20.6] 150] 15.2] Anal. | incomp| 180 
2-15-54; 4 liters.| 15 Zo #50 7.4 09.4| 1.7| e.5| 0.6] 138 9.7| 74.9), LOOM ar 
2-19-54; 800 ml.| 16 Ar) — 33.5 49.2| 36.1| 8.4| 42.2] 178 | 21.2| Anal. | incomp| 262 
2-25-54; 100 ml.| 17* 13.0 Anal. | incomp| — 
3-10-54; 600 ml.| 18* 21.4| — 45 — 10.4| 4.3| 35.0] 572| 38.3| Anal. | incomp| 622 
3-11-54; 200 ml.| 19* 45.1 - 40.4 - Anal. | incomp| — 
3-12-54; 3,300 ml] 20* 33.8] 196 36.2| 244 5619| 10.7] 4%2| 4201| 34.31 48.0 52091535 
3-18-54; 4 liters.| 21 6281, 70:28 11.6 2.0| 35| 1.8) 17.8 64 7:9 8.1 91 87 
3-19-54; 1,500 ml| 22 16.9| 115 19.8 35.0], 9.01 412.510 27:2] 7.523 27435 17:9 187 | 201 
3-25-54; 1,200 ml| 22A ZO she 5.6 6.4] 3.5 Tih ee 24 3.6 3.8 45 AT 
3-29-54; 200 ml.| 2 56.7 2242| ME 0 -| = = = 
4-5-54; 4 liters..| 24 6.5} 49.9 6.8 4726|, 0.%1,12:31824.4 72 8.2 9.7) "110.81 104.8 
4-5-54; 3,500 mi. 25 5.9| 45.7 8.5| (—4.0)| 4.4] 2.3] 25.6| 18.) 5.8 1.7 60.1| 54.3 
4-6-54; 3 liters..| 26 9.3| 74.9] 12.1| (— 3.0) 7.0 2.3) 23-6) 56 8.4 3 93-3} 92.2 
4-7-54; 3,500 m 27 15.5 68.6| 48.9] (—-6.4)| 15.2 3.2 0.22.8 84 | 11.0 2.8 133.0| 131.5 
4-10-54; 2 liters.| 28 55. | 110:2| 44.7| (—6.4)| 21.8] 6.7| 9809| 66| 17.1) 16.2] 270 | 200 
4-10-54; 4-11-54, 

Halter 29 73 | wasilesk 20.3(— 11.8) 4.8} 2.0} 36.1 48 | 10.0 9.3 108. 7| 102.7 
4-14-54, 4-15-54; 

AMIENS RE her 30 5.41, ANNO se 2.7 61.01 4.8 SS U KEIL 0 eos 7) ILS EIZON TAT 
4-15-54; 4 liters.| 31 2.0| 22.9 77). 2:8)| 10 Sle 7,8 2 2.6 26 32.010234 
4-22-54; 4-23-54; 

DATES MALE wre 32 18.9] 233. 44.7 54.6) 3.5| 2.0| 28.3] 180] 30.1 28.1 296.6] 268.4 
4-30-54; 51-54; I 

IE. 33 24.8] — 332 276 8.3] 4.1 22.8| 596) sare)  — —  |631 
5-2-54; 3,300 ml.| 34 PORT. SIT OS 130| o al LG] RE STE 8.95 43.0] 38.4 
5-16-54; 4 liters.| 35 SYOd |) T3LIO]E 12286 66.0| 2.18 231, 64.51 2146 1.706.217 19.81 223.5| 212.9 
5-16-54; 3,700 ml] 36 1.105 29.2 5.0|(— 11.2) .43 20] GT 4 322 2.64 35-3| 22:0 
5-16-54; 1,700 ml| 37 1.99| 31.2 5.6| (—2.6)| 1.37 26| 9.4 6 27 2.56 38.8| 19.6 
5-27-54; 4 liters.| 38 1.07 uae 5.0 105.2] 2.18 23| 0.6| tro 8.9| 12.79] 143.4) Dis 
5-27-54; 4 liters.| 39 1.97 ese 2.7| (— 2.6) 43 26| 0.3 6. 15 1.36 18.4| 9.6 
5-27-54; 500 ml.| 40 6.48] — 21.0 6.2| 10.9 .26| 14.4 
5-31-54; 4 liters.| 41 6:77) 133.3 12.4 67.4| 4.35| 1.54| 12.2 88. 737 00:76 I19.9| 106.1 
5-31-54; 4 liters.| 42 Gest) |e Bar 15.5 2.01 5,60| 1.28] 128 30. 5.01 4.95 60.3} 49.1 
6-1-54; 1,700 ml.| 43 3.10 2.0 11.3 —-%0,8)| 1.74| 1.28) ala 14. 5.6] 4.90 66.4| 42.2 
6-2, 3-54; 4 liters} 44 RO Shuggie 20.8 — 3.92| 3.08] 13.9] 76.| 8.7| 9.72] 109.5] 96.9 
6-7-54; 3,500 ml.| 45 18.9 58.2] 16.9} 138.8|19.2 | 2.56| 18.9] 208.| 16.5] 22.74| 232.8| 248.7 
OS AA liters. 1246 5.64 20.8 6.3 27.6] 5.66] 1.54| 2.8 2: 5.00 4.80 60.1| 42.0 
6-7-54, 2 liters..| 47 7.60| 29.0 6.8 31.8] 9.57| 2.56] 8.3] 42.) 4.6] 6.15] 73.21] 62.4 
6-8-54; 2,800 ml.| 48 8.18] 64.5 15.0 61.6| 9.57] 2.05| 14.4] 102.| 9.8| 13.06| 149.3 | 128.0 
6-15-54; 3.200 ml| 49 5.08] 56.2 41.5 298.2| 4.8 2.3 0.01 ,382.|7 23.31 439.721, 40% 389.1 
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Date & Approx.| | © | SOF] NOs | Am. | Nat] K+ [NH] Ha [Tuc se 
Volume D ‘ile | (3) | (+) 


650,545 75 aller || 5a 69.9 76.6 

7-2-54; 3 liters..| 52 5.92 54.1 35.9 124.2| 10.0 2.6 00070) Re EPA 220.1 | 209.6 
7-2-54; 200 ml. .| 53 13.8 47.7 - - 

72-54: n.liter.2,| 54 9.02| — 49.9 45 1 SITZE 18.38 120.0 

7-7-54; 200 ml..| 55 Sample was polluted during collection 

7-21-54; 4 liters.| 56 0.85 13.3 GRE OT 10.0.3 OOl Az Al” SE 4.97] 55.2 44.0 
8-2- a 1,500 ml.| 57 3.071 A9-.9|) 12225 52.0] 3.0 | 0.5 ne | NOTA GFA TO ON wete)a0 || O AT 
8-3-54; 4 liters..| 58 3.95 29.1 18.0 23.0] 2.6 £3 25.0| 34.0 5.2 6.07 74.1 62.9 
8-3, i 54: 4 liters] 59 3.95| — 22621 eA) 3.0) 1.32 20.0 24.04 72011 9.23 2 61.6 
8-4-54; 4 liters..| 60 3.07| 42.6] 24.3\(—17.4)| 2.6 | 0.8 | 23.2| 19.4| 7.7] 5.99] 69.6.| 63.5 
8-4-54; 4 liters..| 61 5.64] 49.9] 41.5) (—9.8)} 5.7 | 1.8 | 37.7| 30.8] 9.0] 8.19] 97.0 | 85.8 
8-12-54; 3 liters. 62 (3)| 6.20] 166.4] 37.5|(— 96.0) 3.9 | 1.5 | 35.0] 60.0] 27.3] 9.13] 200.1 | 196.4 
8-8-54: 200 ml..| 63 43.4 42.2 - 

8-11-54: 300 ral. 64 14.7 0.5 - 


Analyses on supernatent pipetted from original sample except for Nos. I—I2, 17, 18, 19 and 20. 


* Determinations were made on sample which had been filtered through washed and dried tilter paper. 
Total Mineral Content by conductivity (TMC) 


ppm parts per million 

epb equivalents per billion 

1 Small Sample (375 ml) 

2 Bits of glass chipped from stirring rod invalidated SO,= detr. (est. conc. 30 + epb) 
3 0.14 ppm (15.6 epb) Alt++ 


Appendix B. Rainfall Rates and Synoptic Conditions 
By STAN CHANGNON 


Sample een Total! ee Brief Synoptic Conditions 
No. Average | Intermittent! 2 au) Time eae (final analysis) 

net IBY 0.06 Yes 0.02 7 hrs. 0.73 Post cold frontal, R, CP with MT aloft 

14 B 0.10 No 0.60 4% hrs. 0.05 Post cold front, RW-, CP air 

15 € 0.05 Yes 2 storms| 0.05 9 days aD Pre-frontal squall line, TRW, MT 

0.16 51, hrs.later| 0.66 5% hrs. 0.05 Post cold frontal, RW, MT 

16 D 0.03 No 0.04 3 days O7 Warm front overrunning, RW-, CP 
& MT aloft 

E72 0.03 No 0.03 MTS: , 0.02 Overrunning low in S. Ul., R-, S-, E-, 
MP with modified MP aloft 

ı8 D 0.022) |’ Nes 0.14 6 days 0,32 Overrunning on Stationary front, 
RW-, R-, with CP & MT aloft 

TOC 0.012 | Yes 0.06 18 hrs. 0.14 Warm front overrunning, RW-, R-, 

CP ic Maik alote 

ZORG OLO22 es 0.14 19 hrs. ; 0.06 Low center passage, TRW, RW, CP! 
& MT aloft (new location of pan) 

2,70 0.045 | Yes 0.2 7 days 0.14 Pre-cold frontal, RW-, MT air 

22. B 0.18 No 0.09 oghrs: | 0.24 Secondary cold front, RW-, TRW-, 
(Ole 

23 C-B 0.04 No 0.02 4 hrs. 0.03 Post cold frontal, R-, CP with 

: modified CP ‘aloft 
24 B-C 0.84 No 0.42 3 hrs. 0.57 Warm front sun RW, TRW, 


MT air aloft _ 
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= 


Prior Rain Brief Synoptic Conditions 


Sample Rainfall Rate (in/hr) Total! | 
in (i 5 iL final analysis 
Ne Average | Intermittent? Rais) Time pro Gele 


(in) 


25 C-B 


jason 
| 31 A-B 


| 32 A 
3 D 


| 34 © 


35 € 


ere 
| 38 B 
| 39 B 
| 40 B 


| 41 B-A 


AZ 


0.015 


0.33 


0.61 


0.06 


0.04 


0.60 


0.21 


0.04 


0.18 


0.06 
0.10 


Yes, varied 
KOI AO» 20 


3 separate 
storms 


2nd storm 
3rd 


No 
No 


Yes 
.004 to .oI 


Yes 2 cells 


2nd storm 


No 

No 

No 

No 

No 

No 

No 

Yes 2 sepa- 
rate cells 
2nd storm 
cellofsample 
No 

Yes 2 cells 
2nd cell of 
sample 
Yes 4 cells 
2nd cell 


O.OI 


0.015 


0.025 
0.81 


0.40 
end of 
sample 

0.25 
end of 
sample 

0.03 


0.33 
end of 


sample 
0.37 

end of 

sample 
0.02 


0.02 


0.61 
0.63 
end of 
sample 
0.29 


0.05 

(0.02) 
0.03 
0.08 
0.014 
0.12 


Rain at 
Beginning 
Rain at 
Beginning 
22 hrs. 
21, hrs. 
7% hrs. 


17% 
1% 


hrs. 
hrs. 


2 hrs. 
Rain at time 


of sample 
I hr. 


3 days 
SDS: 
Rain at time 


of sample 
8 days 


Rain at 
Beginning 


Rain at 
Beginning 


hrs: 


Rain at 
Beginning 


Rain at 
Beginning 


20 hrs. 


tr. hr: 


Rain at 
Beginning 
Rain at 
Beginning 
© br. 


28 hrs. 
5 hrs. 


0.08 


0.33 


0.08 
0.014 


EEE ee —— 


Same as No. 24, MT, total continuous 
rain:No. 24—25 = 0.57 


Squall line, TRW, MT 


Squall line, TRW, MT air (close to 
cold front) 


Warm front in Central Ill. deceierat- 
ing RW; MT aloft 

Stationary front Central Ill., cold 
front W. Ill., MT air, RW & TRW 


(Same as above) 
Post frontal (cold), RW, MT aloft 


Squall line and Pre-frontal, RW-, 
TRW-, R, MT air 

Cold frontal passage, Rto RW, MP 
replacing MT 

Overrunning stationary front, post 
frontal (cold) RW-, R-, CP and MT 
aloft 

Overrunning warm front, RW-, MT 
aloft 


Overrunning warm front, RW- 


Overrunning warm front, R, MT 
aloft 
Stationary frontal zone, R, R-, MT 


air 


Stationary frontal zone, R, R-, MT 
air 


Samples 35—37 all from 1 continuous 
rain = 0.68”, synoptic conditions 
all similar 

MT Air Mass Showers, R, TRW 


MT Air Mass Showers, R, TRW 


Samples 38—40 from I continuous 
storm = 0.94 (.20” fell during 
time between No. 39 & 40) 

Squall line, RW, MT air 


Squall line, RW, MT air 


Squall line, RW, MT air 
Post cold-frontal, RW, CP air 


Post cold-frontal, RW, total storm 
rainfall 0.08” in sample 43 


Low center, CP air, RW- 
Low center, CP air, RW- 
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RS 


Sample Rainfall Rate (in/hr) Prior Rain 


No. 


Total! 
Rain (in) 


Brief Synoptic Conditions 


Amount. (final analysis) 


Average | Intermittent! Time (in) 
N rn 


44 
(cont’d)| 0.02 3rd cell 0.01 at. 0.12 Low center passage, CP air, R 
0.04 4th cell 0.02 2 hrs: 0.02 Low center passage, CP air, R total 
0.16 storm rain sample No. 44 = 0.16” 
45 D 02 No 0.17 3% days 0.01 Squall line, TRW, MT air 
46 D 70 No 0.28 Rain at 0.17 Squall line, TRW, MT 
Beginning 
47 0.14 No 0.035 | Rain at 0.45 Squall line, TRW, MT, total storm 
Beginning rain No. 45—47 = 0.49” (con- 
tinuous) 
48 C-B 0.11 No 0.105 | rz hrs. 1.04 Cold fropa, RW, MP replacing MT 
(.085) 
49 C 0.36 No 0.12 7 days 0.10 Air Mass, RW, MT 
50 C-D |< 0.01 ? an 1 day ab Dissipating squall line, RW-, MT 
51 D-C 0.07 No 0.01 ı day iR Cold fropa, RW-, MT 
52 D 0.24 No O.II 2 days a Squall line, TRW-, MT 
53 D 0.02 No O.OI Rain at O.II Squall line, L-, MT, samples 52—53 
0.12 Beginning continuous rain = 0.12” 
54 € 0.015 | No 0.005 | 22 hrs. 0.12 Squall line, TRW-, MT 
55 A < 0.01 ? dE 4 hrs. 0.04 Complex low in Ill, RW- 
approx. 
56 A 0.105 } No 0.29 Rain at 0.18 Stationary front just south of CMI, 
Beginning RW-, MT aloft | 
57 À 0.025 | No 0.05 4 days 0.70 Overrunning over a stationary front, 
R, MT aloft 
58 B-A 0.88 No 0.23 To min. 0.01 Stationary front in S. Central Ill, 
(0.22) TRW + MT aloft 
59 B-A 0.06 Yes, 2 cells 0.06 Rain at 0.23 Stationary front in S. Central Iil., 
Beginning TRW, MT aloft 
0.43 2nd cell 0.18 Rain at 0.29 Total continuous storm rain fall No. 
0.24 Beginning 58—59 = 0.47” 
60 A 0.17 No 0.30 1 hr. 0.47 Stationary front S. Central Ill, 
TRW, MT aloft 
61 A 0.16 No 0.25 Rain at 0.30 Same as No. 60, TRW-, RW, MT 
Beginning aloft. Total continuous rainfall 
No. 60—61 = 0.55” 
62 B-A 0.06 Mes, 2. cells 0.03 11, hes. 0.34 Low passage in S. Ill, R, modified 
MT aloft 
0.07 2nd cell 0.07 30 min. 0.03 Low passage in S. Ill, R-modified 
Oo MT aloft 
total 
63 B-A 0.01 Yes (un- ar o to 18 hrs.| 0.10 Same as No. 62, R-, Sameas No. 62 
known time) 
64 D 0.02 No 0.01 33 hrs. 0.26 Overrunning over stationary front, 


Ise (Clee 


1 Note: a) total rain column shows total storm rainfall, even amounts not occurring in sample 
period, any figure in parenthesis indicates total in sample period alone. 

b) If yes appears in intermittent rate column and no breakdown of rates is given (by cells), con- 
tinuous varying, very low rates existed at all times. 


2 HIGH LEVEL WASHOUT PROBABILITIES (700 MB) 


A—Very High 
Statewide rain = 


” 


.2 


prior day = .5” day of 


sample. 


B—High 

Statewide rain on days 
of sample = .5” and/or 
Lt. rain on prior day 
(i tom.2> ande 
day of sample upwind 
from CMI. 


C—-Average 

1. Day prior none too T 
2. Day of sample rains. 
2” to .4” upwind from 
CMI. 


—————— ——…"…"—"———————— 
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D—Neghigible 

None on day prior with 
scattered amts. on day 
of sample < 0.2”. 


Thermodynamical Study of the Entrainment of Air into a Cumulus 


By L. DUFOUR, Institut Royal Météorologique, Uccle, Belgique 


(Manuscript received July 22, 1955) 


Abstract 


Formulas dealing with the entrainment of air into a cumulus are rationally established 
on the basis of the thermodynamics of polytherm systems. The hypothesis made in the 
course of the calculus are clearly put into evidence. 


It is agreed (e.g. Byers and BRAHAM, 1949) 
that when a cumulus forms, surrounding air 
mixes with the air composing the cloud. The 
mixture is made in such a manner that air in 
the interior of a cumulus remains saturated. 

For a thermodynamical study of this phe- 
nomenon we have supposed 
1) that the cloud is composed of saturated 
humid air containing liquid water and forms 
an open system, 

2) that the surrounding air which is entrained 
into the cloud is composed of humid non- 
saturated air and also forms an open system, 
3) that the composite formed by these two 
open systems constitutes a closed system in 
which are produced exchanges of dry air and 
water vapour, 

4) that the transformations of this closed 
system are adiabatic. 

According to these hypotheses, the thermo- 
dynamical study of the entrainment of air into 
a cumulus belongs to those adiabatic transfor- 
mations of a polythermal closed system formed 
of a prime open system (cloud) determined by 
the temperature T’, the pressure p and the 
masses m,, m,, m, of dry air, of water vapour 
and of liquid water and a second open system 
(air entrained into the cloud) determined by 
the temperature T”, the pressure p and the 
masses ma, my, of dry air and of water vapour. 


We write 


M,=m,+m,, m,=m,+m, . (1) 

The dry air being an inert constituent and 
the system formed by the ensemble of the 
two systems prime and second being closed, 
we have 


dm. = dm! + dm, dm,+dmi=o (2) 


from which it arises that of the mass variables 
determining the polythermal system, only 
three are independent. 

Denoting by hj, hy, he and h;, h the 
specific enthalpies of the constituents in the 
systems prime and second, we have (e.g. VAN 
MIEGHEM and DUFOUR, 1948, § 22) 


hoa ha wee = Le. 
fo Stee = Belk 
eh Te = Tg), (3) 
he =ha + Cpa(T”’ — Ty) , 
hy =hy + ¢p(T” - T,) . 


where hg, hp, he are the specific enthalpies 
at. the temperature ‘Ti and’; Go. ee cue 
specific heats at constant pressure of dry air, 
water vapour and liquid water. 

We recall that the enthalpies of the two 
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systems prime and second are given by the 


relations 
| (4) 


and that the heat of vaporisation at temperature 
T’ is given by the relation 


H'=mih,+mh,+mih:, 


COMME TT: 11 Lu 
A =n; htm, hi 


Eh, = hy. (5) 


The differential equation of the adiabatic 
transformations of the closed system is thus 
written 


d(H’ +H") -(V'+V") dp=o (6) 


where V’ and V’” are the volumes of thesystems 
prime and second. 

Using equations (1), (2), (3), (4) and (s), 
equation (6) can be written in the form 


(Cpa + MG Cp + MoCye)d T' 
+ (mi Cpa + My Cpy)dT” + Lidm, o) 
+ (T’ = T’)(Gpadm’!) + cdm,) 7 
VA VAT Per 
We neglect in the prime system the volume 
of the liquid phase compared with that of the 
gaseous phase. Thus one obtains, using Dalton’s 


law 
ms RoE im RET 


V’ ! pee. 

Po Dep (8) 
vr = MUB z mg Ral 

Pv P — Pr 


where R,, R, are the gas constants (perfect 
gas) for dry air and water vapour and p,, pr 
the partial pressures in the systems prime and 
second. 

Moreover, the mixing ratios in these two 
systems are given by the relations 


1 1 F 
My he NUL EPy 
pa t= (9) 


7 à Tg? v 
HD D) m), 


where & is the specific gravity of the water 
vapour. On differentiating the relation (9), we 


have 
| (10) 


dm, = midr, + tidm,, 
ar / 


LA tr 
dm, = mi dry +t, dm, . 
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Having regard to equations (2) and (ro), 
equation (7) can be written 
(Micpa + Milo + Mecpe) AT” + (mi pat My Cpy)d L” 
= (Ga + % Cp») (T= Ti) + Ly (cp = )] din? 
+ mL at, + m, [Lp - G(T’ - T")]dr, 


- Ral Melk ane u) Ore a (a) 
LES LOR PES Py, 


We note that this equation is a linear differ- 
ential equation with six variables. 

We now introduce the hypothesis that the 
prime system remains saturated during the 
course of the adiabatic transformation. To do 
this we suppose that the law of displacement 
of equilibrium is satisfied, that is to say 


aL, dp, 
dT =R,—- 12 
(Ts fr Le 


On the other hand, on differentiating the 
first relation (9), we have 


dp 
P-Po 


(e+ t,)dp, 


dt, 
Cite 


(13) 


On eliminating dp, and dr, from the 
equations (11), (12) and (13), we obtain, 
having regard to equation (9) which allows us 


to replace ep, /p— py by ty 


gees (14) 


LA 4 Mt LA 
more P= py 
te 7 27 yr 
ma 1 p—p, 


„ at 
U ESS) oe 
dp 


144 / lé (A dm! 
ir (Cpa ci Ty Cpu) Gb: = T°) + Lilt, - Tv )] d 
P 
[44 IE} x (a = ry ae (1 ) 
4 ei mal v Cpv dp , 5 
3 : j mat, (e + t,)(L,)? 
Y = (Malpa + MyCpy + MeCpe) + R (m 
(16) 


We note that this differential equation has no 
more than five variables, the sixth variable of 
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equation (11) having been eliminated by means 
of equation (12). 

The expression (15) is considerably simplified 
if the following hypotheses are made. 

The first, which can hardly be avoided, is 
that the transport of dry air and that of the 
water vapour from the exterior into the 
cumulus are not accomplished independently. 
That is to say that the mixing ratio remains 
constant in the second system, or indeed that 


dty =0. (17) 


The second, which is more disputable, is 
that the transformations of the open second 
system are adiabatic, that is to say that (e.g. 
VAN MIEGHEM and Durour, 1948, § 41) 


TH . hl" (dni, 4 dm',) = V"'dp = 0 


where h” = H"'/mX + m, is the specific enthalpy 
of the second system. 


(18) 


TZ2DUEOUR 


~ 


Having regard to G) (4) and (ro), the 
equation (18) takes the following form 
77 BT, 22 (mi )2(ha = hy)dti 
(mi Cpa + My Cp) AT" + TT 
- V'dp=0o (19) 
or, considering (17), 
(MS Cpa + My Cpv)dT” —V"dp =o (20) 


which is nothing other than the equation of 
adiabatic transformations of humid air in the 
second system when it is supposed closed. 

It is interesting to note that hypothesis (18), 
considering hypothesis (17), is identical to 
hypothesis (20). 

On introducing the hypothesis (17) and (20) 
into the relation (15), the equation (14) 
becomes, having regard to (8) 


mR qT" zul: ; neh je le 
en = + a 2e v Ts => i = JE Ty nag Ty a ae 
dT’ ra p -p, ( + i) en T Cp )( ) ( )| dp (21) 
dp | 1), Matvle+ To) (Ly)? 
p (Malpa + MyCpv + Melpe) + RAT’? 
It is generally agreed among meteorologists compared with mic. Employing these 


that p, is negligible compared with p and 
that it is the same for 7/c,, compared with 
Cpa, for Ty compared to € and for micpy + méecpe 


approximations, the equation (21) takes the 
following form 


Ra pi Tile 1 11 Le r ” I dmx 
ER la) (: is a) ‘ | (7 zu I ae Gt dp 
= ! I ne (22) 
dp RES 
a Le 


Stommel seems to be the first who studied 
thermodynamically the problem of entrain- 
ment of air into a cumulus. He supposes that 
the complicated transformations which occur 
in the cloud can be replaced by the three 
following transformations. First, the tempera- 
ture decreases adiabatically because of the fall 
in pressure; secondly, the air which is entrained 
is mixed at constant pressure with the cloud 
air and thirdly, always at constant pressure, the 
liquid water held in the cloud is evaporated 


1 This is the first time, to our knowledge, that the 
equation of the adiabatic transformations of an open 
system has been used in meteorology. 


until saturation is reached. The formula which 
he obtains (STOMMEL, 1947, formula 4) is 
inexact. This is due to the fact that he considers 
in the first transformation that the decrease of 
of temperature follows a dry adiabatic, whereas 
it follows a saturated adiabatic while the cloud 
contains liquid vapour. On taking account of 
this fact one arrives at the formula (22) by 
following Stommel’s statement. The calcula- 
tions are long but present no special difficulties. 

Taking up Stommel’s idea, Austin (1948) 
has first studied the problem graphically, 
supposing that the transformation we have re- 
ferred to is saturated. Later (1948) he established 
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formula (22), in collaboration with Fleisher, 
by means of an intuitive thermodynamical 
reasoning which is simple but rather dangerous. 
In reality, it is not formula (22) that these 
authors have established but that which can 
be deduced by supposing that the air is in 
hydrostatic equilibrium in the cloud, that is 
to say that 

dp : 


a 

A (23) 
where z is the altitude, reckoned positive 
towards the zenith, g the acceleration under 
gravity and 0’ the density. The use of relation 
(23) is not admissible in this case because 


205 


where 9” is the density of surrounding air, 
and it therefore cannot be considered that 
equation (23) gives the relation between 
pressure and altitudes unless 0’= 0’, which is 
not the case. On the other hand, it is preferable 
to avoid making this hypothesis even in the 
classical case of a system of the same constitu- 
tion as the prime system but which is closed 
instead of being open, because this hypothesis 
does not satisfy the equation of continuity. 

We now return to equation (22). Observa- 
tion seems to indicate that the rate of mixing 
of dry air is proportional to the mass of the 
cloud, that is to say that 


equally one has fre ana (25) 
dp ene (24) Taking account of equation (25), the equa- 
dz war tion (22) can be written 

Ree Tid [4 wt Le ’ DE 
EME (: aed +k (Tr a | ‘ 
dp” , | ae 
CRT 


When k=o, that is to say when there is no 
mixing, the equation (26) takes the classical 
form of the rate of variation of temperature 
with pressure during a saturated adiabatic 


transformation: 
Here = =) 
RB CpaP R;T” (2 ) 
dp aot 168 - 7 


During the formation of a cumulus, obser- 
vation shows that it is colder air which is 


introduced into the cloud, so that T’- T’>o 
and, in consequence, t,—t, >0. The rate of 
mixing of dry air dm /dp being positive, it 
arises that the second term of the second 
member of (26) is positive and is the bigger, 
the larger are T’-T”, 14-1, and dm, (dp. 
Theoretically, the entrainment of the air into 
a cumulus therefore increases the rate of change 
of the temperature in a cloud with respect to 
pressure, as is also indicated by the observations, 
which show that this rate is greater than that 
given by relation (27). 
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The Success of 72-hour Barotropic Forecasts in Relation to Mean 
Flow Patterns 


By JEROME NAMIAS, International Institute of Meteorology in Stockholm! 


(Manuscript received March 22, 1956) 


In a recent article entitled “Automation of 
soo mb Forecasts through Successive Numeri- 
cal Map Analysis” Bo R. Döös (1956) dis- 
played charts showing the geographical distri- 
bution of correlations between observed and 
barotropically-computed height changes for 
periods of 24, 48, and 72 hours in advance. 
His chart showing the 72-hour correlations, 
reproduced in Figure I, possesses a number of 
features which appear to be related in some 
manner to the mean monthly mid-tropospheric 
flow patterns for the period covered by the 
forecasts (mainly mid-November to mid- 
December) and shown in Figure 2. Indeed 
Mr. Döös first drew my attention to the 
similarity of certain parts of the patterns and 
noted in his paper that it was “interesting to 
compare the two charts”. 

The large scale features which seem to bear 
more than accidential correspondence comprise 
the axis of maximum correlation in the eastern 
Atlantic where an anomalously strong ridge 
was observed, and also a maximum in the 
vicinity of the European trough. A pronounced 
area of minimum correlation separates the 
maxima. 

Although low correlations between forecast 
and observed values are frequently encountered 
when actual changes are small, this does not 


1 On leave from U.S. Weather Bureau, Washington 
D.C. as a recipient of a Rockefeller Public Service 
Award. 


seem to be the explanation of the correlation 
minimum over Scandinavia. For example, 
the standard deviation of 72-hour height 
changes is about the same over Sola (in 
southern Norway) (157 m) as over Valencia, 
Ireland, (153 m) even though the correlation 
coefficient over Valencia is more than twice 
that over Sola. 

The following considerations may be perti- 
nent in seeking an explanation for the pattern 
correspondence. In the first place this particular 
30-day mean, in common with virtually all 
consecutive 30-day meteorological means (Na- 
MIAS, 1953), is composed not of random but 
rather of serially correlated daily charts. This 
serial correlation is due not only to day-to-day 
persistence but also to persistent recurrence of 
similar large-scale flow patterns. Hence on 
several days during the 30-day period there 
occurred a strong westerly jet along and off 
the east coast of the United States, a strong 
ridge (or closed anticyclonic cell) over the 
eastern Atlantic and a strong trough (or closed 
cyclonic cell) in the area extending from 
western Russia to the Mediterranean. Cyclones 
forming and intensely developing off the east 
coast of the United States appear to have 
drawn upon the baroclinic energy indicated 
by the accentuated temperature contrast be- 
tween the east coast and the western Atlantic 
established during this period (see Fig. 3). These 
cyclones were apparently associated with 
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Fig. 1. Geographical distribution of the correlation between observed 
and computed 72-hour height changes (reproduced from 1). 


Fig. 2. 30-day mean contours of the 700 mb surface (in tens of feet) for the period from mid-November to 
mid-December, 1955. 
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maintaining the strong westerly jet in this area. 
Farther downstream the jet frequently devel- 
oped the diffluent flow pattern commonly 
associated with blocking. Still farther eastward 
great troughs (or low pressure centers) devel- 
oped as cyclones plunged southeastward 
through Scandinavia, Finland and western 
Russia. 

It seems quite likely that persistently re- 
current cyclone developments along and off 
the east coast of the United States, perhaps to 
a considerable extent baroclinic, may have been 
responsible for the more or less geographically- 
fixed ridge in the eastern Atlantic and the 
trough over west Russia. In other words the 
mean trough and jet off the east coast of the 
United States may in this case have been one 
of the great “forced” perturbations of the 
general circulation while farther downstream 
the mean ridge and trough were essentially 
barotropically-conditioned responses. If this is 
so, the areas of high correlation appearing in 
Fig. 1 could be looked upon as seats of major 
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Mean departure from normal (in tens of feet) of the 1000—700 mb thickness for the 30-day period 
from mid-November to mid-December. 1955. 


response. The existence of low correlations off 
New Foundland lends support to the idea that 
here the cyclone developments may have been 
largely baroclinic. Besides, the tongue of 
minimum correlation extending from Spitz- 
bergen southward and southeastward lies in a 
generally accentuated baroclinic zone, which 
in fact was a frequent zone of confluence 
between very cold Arctic air and relatively 
warm maritime air, clearly indicated in Fig. 2 
and by the departures from normal of 1,000— 
7oo mb thickness (fig. 3). A number of 
southeastward plunging disturbances were 
embedded in this baroclinic zone during the 
30-day period, and probably account for the 
relatively low success of the 72-hour forecasts 
there in the following manner. 

The average time for dispersion of large scale 
effects from the east coast of America to Europe 
is of the order of three days. The height changes 
produced by planetary wave reactions of this 
sort are naturally of great scale, so that 72- 
hour correlation coefficients over areas charac- 
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terized largely by barotropic response would 
be uniformly high unless interference (non- 
barotropic) influences were set up in certain 
areas. Apparently the plunging cyclones as- 
sociated with the baroclinic area from Spitz- 
bergen southeastward have in this case provided 
the interference. In other words the correlation 
stays high in areas not materially affected by 
the plunging cyclones. On the other hand 
correlation fields for 24 and 48 hour forecasts 
(not reproduced from Döös’ paper) do not 
reflect the minimum, presumably because for 
these shorter time intervals the individual 
plunging cyclones are reflected in the vorticity 
patterns. 

Apparently for 72-hour periods the baro- 
tropic model can predict only phenomena of 
the scale of the great centers of action. These 
centers may, however, channel the prevailing 
air mass flows so that deformation fields are 
created in certain areas which favour or inhibit 


cyclone formation and development. The 
timing of the smaller scale (i.e. cyclone) 
systems may be more or less independent of the 
long waves obtained by averaging in time and 
may be sufficiently baroclinic that the areas in 
which they occur are characterized by “poor” 
barotropic response. 

In the current search for methods of im- 
proving numerical forecasting it would appear 
profitable to explore further the mean field of 
errors in month-long series of forecasts. In this 
manner one might discover how the errors are 
related not only to geographical and seasonal 
characteristics but particularly to the eternally 
anomalous positions, orientations and inten- 
sities of the centers of action. In this way an 
answer might be formed to the important 
question regarding which mean perturbations 
are primary or forced and which are secondary 
or responsive. 
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Numerical Integration of Geomagnetic Field Lines 


By L. BLOCK and N. HERLOFSON, Royal Institute of Technology, Stockholm 


(Manuscript received February 20, 1956) 


Abstract 


123 geomagnetic field lines have been integrated by an electronic computer, taking into 
account also the quadrupole terms of the potential. A table gives the coordinates of the two 
points of intersection, one in the northern and one in the southern hemisphere, between the 


earth’s surface and each calculated field line. 


Introduction 


For several purposes, such as choosing sites 
for magnetic and auroral stations, it is desirable 
to know quite precisely how points in one 
hemisphere are connected with points in 
the other hemisphere by means of geomagnetic 
field lines. Therefore, a calculation of the 
geomagnetic field lines has been undertaken, 
including also the quadrupole terms of the 
potential. The purpose of this paper is to 
present the results of the calculations, which 
have been carried out by the Stockholm 
electronic computer BESK. 


Differential equations 


The geomagnetic potential can be written as 


= [g? cos O + (gl cos À + ht sin A) sin O]r-? + 


+ ET cos 20 + 1) + (g cos A+ hg sin À) - 


V3 


-— sin 20 + (g3 cos 24+ h3 sin 2A) - 
sin? or: (1) 


À =longitude E Greenwich, 

@=polar angle (from the geographic north 
pole), 

r =distance from the earth’s centre with the 
radius of the earth as unit length. 


The coefficients g and h are taken from 
Dyson and Furner’s (1923) analysis of the 
earth’s main field in 1922 (cf. CHAPMAN and 
BARTELS, Ch. XVIII, 1940). Expressed in 
units of 1074 c.g.s. the coefficients are 


g1= — 3,095, gi= — 226, hi= 592, gi — 89, 


ga—299, hà= —124, g=144, h5= 84 


In the numerical calculations it is convenient 
to use rectangular coordinates with the origin 
in the ce centre, the x-axis towards 90° 
W Grw, the y-axis towards Greenwich 
meridian and the z-axis towards the north 
pole. We then have 


x=-r sin O sind 
y= rsin® cosÀ (2) 
z= rcos® 


The equations of the field lines are 


dx 9V 
ds al etc. (3) 


which is the most suitable form for the elec- 
tronic computer. 


s=arc length along the field line. 
Introducing (2) in (1) we get 
V = (Px + Qy+Rz) 1734+ (Ax? + By? + 
+ Cz*+ Dxy + Exz + Fyz) 1-5 (4) 
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where 
P =592, Q= 226, R=" 3005, 
Ale RO, B = — 169, = 80; 
Dantas Év=ve 215, FE = -518 
Differentiating (4) we obtain 
oV a 5 y = 
Sry = =. In MAR Dale 
ren P+] (sb 2A)- D: E- Fa 
(5 a) 
oV 
PT = 322 -Q+| (58 - 28)? - D°-F]rı 
y r r r 
(s b) 
714 z z y 
aR eae E |, 
ie 3a +| (58 C)- E- FL |, 
(5 ©) 
with 
a=P=+Q* + R= (6 a) 
-\ 2 2 . 
p-a(=) +B(2) +c() en, 
r r r 2 
+B + FE (6 b) 


The equations (3), (s) and (6) form the 
differential equations of the field lines. 


Method of integration 


The equations (3) have been integrated by 
Kutta-Simpson’s rule (cf. Levy and BAGGOTT, 
1934, pp. 103—107) applied to three simul- 
taneous equations. The arc length s along the 
field line was chosen as independent variable 
because x, y and z are single-valued functions 


dx de 


ds ds 


upper limit, which is not the case with e.g. 
dx 


d 
radii, and s=o at the starting point on the 
earth’s surface. At s=o, I, 2,...8 earth radii, 
the x-, y-, and z-values were typewritten with 
5 digits by the electronic computer. 

Most field lines starting further to the north 
than geomagnetic co-latitude about 25° do not 
reach even the magnetic equatorial plane at 
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. As step length in s was chosen 0.1 earth 
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s <8. These field lines are continued in the 
following way. We first transform the point 
at s=8 from geographic coordinates x, y, 2 
(which were used by the electronic computer) 
to geomagnetic coordinates x’, y’, 2’. Ac- 
cording to VESTINE et al. (1947) p., 4 the 
geomagnetic dipole axis intersects the earth’s 
surface at O=11°.4 and A= -70°.1.! This 
gives 


x = 0.92174 X +0.33366 y — 0.19766 z 


y’ =0.34038 x +0.94029 y (7) 
2’ =0.18586 x + 0.06728 y + 0.98027 z 


Then the mirror point x’, y, -2, s=o, 
transformed back to geographic coordinates, 
was taken as a new starting point for the 
southern branch of the field line, which was 
calculated by the electronic computer to s=8. 

Field lines starting between 25° and 30° 
from the magnetic north pole usually reach 
the equatorial plane but not the southern 
hemisphere at s < 8. These field lines were 
continued by the electronic computer until 
they reached the earth’s surface, which of 
course always happened at s < 16. 

Near the intersections between field lines 
and the earth’s surface, the coordinates of 
calculated points were printed at intervals of 
o.1 earth radii (& 600 km) by the electronic 
computer. The point closest to the earth’s 
surface at a distance of less than 300 km above 
or below sea level, was connected with the 
surface by a dipole line, and so the final result 
was obtained. 


Accuracy 


The electronic computer has usually not 
been used for s > 16 to avoid accumulation of 
random errors. The field lines starting near 
the pole are many hundred earth radii long, 
and it is then safer to use dipole lines at distances 
exceeding 8 earth radii, where the quadrupole 
terms are less than 1 % of the dipole term. A 
comparison between two calculations of the 
same field line, where the dipole approxima- 
tion has been used, in one case from s=7 and 


1 By mistake the values for 1945 have been used here 
and those for 1922 in the coefficients for the geomagnetic 
potential. The resulting error is, however, less than 20 
km in the end point of the field line on the earth’s surface 
and therefore of no importance for the present calcula- 
tions. 
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in the other case from s=8, show an internal 
consistency better than so km for the point of 
intersection with the earth’s surface. 

According to Levy and BAGGOTT (1934), p. 
103, the Kutta-Simpson’s rule gives an error 
per step of the order of (A\s)?. With As=o.1 
in our calculations, we estimate that the 
relative error per step is of the order of 10-5 and 
after 160 steps (s=16) at most of the order of 
10-8, corresponding to an ultimate error of at 
most 7 km. The error due to the limited 
capacity of the memory of the electronic 
computer is negligible, since the number of 
significant decimal digits is of the order of 
19-12, 


The result has been checked by comparison 
with three lines integrated by desk calculator 
according to the method described by Levy 
and BAGGOTT (1934), pp. 126—129 with a 
step length of az=o.5. These lines started 
very near the pole. The results have been 
compared on large scale graph paper with that 
obtained from the electronic computer. It 
would have been possible to detect deviations 
of the order of 0.01 earth radii, but no such 
deviations were found. 

The greatest inaccuracies are certainly due 
to terms of higher order than the quadrupole 
in the geomagnetic field. These terms are only 
known with limited accuracy; a discussion of 
their influence on the present calculations will 
be published in a forthcoming paper. We may 
expect that the results represent the points of 


L. BLOCK AND N. HERLOFSON 


intersection between-the undisturbed geomag- 
netic field line and the earth’s surface with an 
accuracy of a few hundred kilometres. 


Selection of starting points 


The starting points selected are the follow- 
ing: 

a. The 30 magnetic observatories to the north 
of 50° N magnetically, listed in VESTINE et 
al. (1947), p. 132. 

b. 1 field line starting at 90° N magnetically, 


4 ” lines 85° N 
8 » ” „ ” 80° N ” 
8 LE] 99 99 LE] fe} N 99 
16 ” > ” „ eb N ” 
” ” » » o ” 

16 65°N 
32 ” ” » ” 60° N ” 
8 ” ” ” ” 50° N 2? 

Results 


The results are shown in table ı. In the 
columns 2—s are given the coordinates of the 
starting points: geographic latitude & and 
longitude A E Grw, geomagnetic latitude ® 
and longitude A respectively. In column 1 is 
given the name of the magnetic observatory 
at the starting point, if any. The columns 
6—9 give the coordinates of the end points in 
the southern hemisphere. 

It is seen from the table, that the greatest 
deviations from the pure dipole approxima- 
tion are found at lower latitudes. At ® = 50° 
the deviations are about 750 km and at the 
auroral zones about 350 km. 
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Table 1. 
Smart End 
Station | g | À | & | A ns | 1 | & | A 
78°.6 | 289°.9 90° — | 78°.3 | 110°.6 |— 89°.6 | 203°.3 
73.6 289.9 85 o — 82.8 111.3 | — 85.8 357.6 
77.6 313.8 85 90 — 77.0 85.1 | — 84.6 94-5 
83.6 289.9 85 180 — 73.7 110.3 | — 85.1 181.4 
77.6 266.0 85 270 — 77.0 136.2 | — 84.3 207.0 
68.6 289.9 80 o — 87.4 114.0 | >= 81.2 358.8 
79.2 STL So 45 — 30,0 54.902803 32-5 
74-9 331.6 80 90 — 73.8 66.7 | — 79.2 92.8 
SLT 348.7 80 135 — 70.1 86.5 | — 79.8 131.4 
88.6 289.9 80 180 — 69.3 I10.0 | — 80.7 180.3 
81.7 231.7 80 22 — 70.2 134.9 | — 79.8 229.9 
74.9 248.2 80 270 — 73.8 1 || — iR) 269.2 
70.2 268.6 80 315 — 80.4 167.4 | — 80.0 307.2 
63.6 289.9 75 fe) — 88.1 280.0, 7087 359.5 
65.6 316.2 75 45 kee SOLON | = io 52-7 
71.2 349 7 go — 69.5 Doe | a= Hares) 92.7 
79-4 16.3 75 135 == ORE SO | Fe) || FO 
86.4 109.9 75 180 — 64.6 | 160,0) || — 70,8) 179.9 
79-4 203.5 75 22 — 67.0 | m8 | = 7G | 2 
EZ 236.3 75 270 — 69.4 TOO || HB 269.0 
65.6 263.6 75 315 — 778 || OO | OS 
58.6 289.9 70 fe) — 83.6 239,0 || — 122 0.0 
59.2 304.7 79 22.5 | — 80.1 250.30 | 7.0) 28.3 
60.8 319.7 79 45 — 741 N SPOS 53.6 
63.5 335.1 79 67.5 | — 68.6 34.2 | 685 74-7 
67.1 351.4 79 90 — 64.4 ASG | — En: 91.2 
71.3 9.6 70 112.5 — 61.9 60.0 — 67.6 108.9 
75-7 31.9 79 135 60:7 76.2 | — 69.3 | 129.9 
79.6 63.4 79 157.5 | — 60.2 92.4 | — 70.8 | 152.9 
81.4 109.9 70 180 — 60.2 109.6 | —71.6 179.6 
79.6 156.4 79 202.5 | — 60.4 Wen || — RS 206.6 
75-7 187.9 70 225 — 60.9 144.0 | — 69.4 230.8 
71.3 210.2 70 22e OO) 159.8 | — 67.6 251.1 
67.1 228.4 70 270 — 65.3 174.3 | — 67.8 270.4 
63.5 244.7 70 292.5 | — 68.1 788.20 010726 286.6 
60.8 260.1 70 315 = F307 204.5 — 69.5 307.2 
59-2 275.1 79 SR || 00 23032 | ee LoS sue 
53.6 289.9 65 o — 79.8 286.8 | — 68.4 358.5 
54.2 306.0 65 22.5 | — 76.8 ae || — 648) 28.3 
56.0 22.2 65 45 — 69.7 9:0 765,0 53.8 
58.9 339.0 65 67.5 | — 63.4 26.4 | 02.5 74.0 
62.7 350.9 65 90 — 59.0 A200; Oley 
67.0 16.9 65 112.5 | — 56.6 56.1 — 61.9 109.0 
71.3 40.7 65 135 = 59% 2.5 | 04 0 || 723.3 
74-9 71.4 65 we || = 07 So | COP || wah 
76.4 109.9 65 180 — 55.7 IT0o.1I | — 67.1 180.3 
74-9 148.4 65 202 — 55.9 | 129.1 | — 66.4 | 207.4 
LSS 179.1 65 225 — 56.1 147.5 | — 64.3 231.6 
67.0 202 65 DAT NEL ECS I 202.3 251.9 
O2 222 65 270 — 59.5 UFOS || GEO 269.8 
58.9 240.8 65 292.5 | — 63.1 194.8 | — 61.9 286.9 
56.0 257.6 65 315 — 68.9 211.8 | — 64.1 306.1 
54.2 273.8 65 337.5 | — 75-6 | 237-6 |n— 66.8 | 329.9 
48.6 289.9 60 fo) — 75.7 286.8 | — 64.3 358.2 
48.8 298.4 60 11.25] — 75.0 313.3 | — 64.2 13.6 
49.3 306.9 60 225 N= 201110555635: 28.4 
50.1 315.5 60 33.75 | — 69.2 352.0 | 621 Aga 
51.2 324.2 60 45 — 65.2 4.1 | — 60.2 54.1 
52.6 333.1 60 56.25 | — 61.6 13.9 | — 58.5 64.8 
54.2 342.1 60 O75 583 22.2 | — 56.9 74-3 
56.1 351.3 60 || —— 55.0 29.3 | 55.8 82.8 
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Cosmic Rays in the Terrestrial Magnetic Dipole Field 


By E.-A. BRUNBERG, The Royal Institute of Technology, Stockholm 


(Manuscript received November s, 1955) 


Abstract 


The results of scale model experiments with electron orbits in a magnetic dipole field are 
given in the form of diagrams on big globes. By using these globes it is possible to find the 
asymptotic directions of cosmic ray particle orbits as a function of momentum and direction 

„of incidence at a cosmic ray recording station. Globes, representing 16 stations are depicted. 


When studying cosmic ray intensity varia- 
tions it is of fundamental importance to know 
the deflection of cosmic rays in the earth’s 
magnetic field. The deflection of particles in a 
magnetic dipole field has been studied mathe- 
matically by STORMER (1904—1937), LEMAITRE 
and VALLARTA (1936) and many others. Scale 
model experiments have been performed at 
the Royal Institute of Technology in Stock- 
holm by Marmrors (1945) and BRUNBERG and 
DATINER (1953). These experiments give a 
solution to the problem with an accuracy good 
enough for cosmic ray purposes. 

The experiment was carried out in a vacuum 
chamber where the deflection of an electron 
beam in a magnetic dipole field could be 
measured. The parameters were chosen in such 
a way that the electron orbits in the model 
corresponded to primary particles with mo- 
menta from 10 GeV/c to infinity. 

The final direction of an orbit far away from 
the terrella or as we say, the asymptotic direc- 
tion, may be represented by a unit vector. The 
direction of this vector is defined in the 
geomagnetic system by two angles, On, the 
north latitude angle and Wg, a longitude angle, 
reckoned eastwards from the meridional plane 
through the point where the orbit starts on 
the terrella (Fig. 1). 
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The asymptotic direction given by the angles 
Y,„ and ®),. 


Eier, 


The asymptotic direction has been deter- 
mined as a function of momentum, initial 
direction (i. e. particles are shot out with 
different zenith- and azimuthangles on the 
terrella) and the latitude and longitude of the 
starting point. The best method to visualize 
the results of measurements is to plot the 
asymptotic directions on big globes (Fig. 4— 
32). The momentum range is 10 GeV/c >, 
but a few orbits are also plotted in the range 
4—10 GeV/c. The lower values are calculated 
from the measurements of MALMFORS (1945). 

Assume that particles are shot out in different 
directions from a certain point on the terrella, 
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for example a point with the same latitude and 
longitude as Stockholm. Each curve on the 
globe is then a locus of the afore-mentioned 
vector, which gives the asymptotic direction 
for different particle momenta. A certain, 
initial direction on the terrella has a correspond- 
ing curve on the globe. 


As an example, take the curve marked 
zenith. This curve gives the asymptotic direc- 
tions for particles which initially move in the 
zenith direction from the point Stockholm. 
The asymptotic direction for infinitely large 
particle momenta is of course the same as the 
initial direction but with decreasing mo- 
mentum there is a deflection, which can be 
read off by means of the curve. (The numbers 
indicate momenta of values, 4, 5, 6... Io, 
12: 020 35) 40, MS 2.00, 100, GeVjle) 
Curves marked 16° N, 32° N, 48°N give in 
the same way the asymptotic directions for 
particles starting in the 16° N, 32° N and 48° N 
directions and the same applies to curves 
marked E, W and S. For particles whose 
original directions do not coinside with N, E, 
S or W, asymptotic directions can be inter- 
polated by means of the point curves, which 
have been drawn on most globes. Each of 
these curves is a locus of the asymptotic direc- 
tion for different azimuth directions. The 
zenith angle (16°, 32° or 48°) and momentum 
(20 GeV/c) are constant. On the Ahmedabad 
globe the momentum 25 GeV/c has been 
chosen. 


The point-dash curves are the loci of the 
asymptotic directions for different zenith 
angles. The azimuth direction (N, E, S or W) 
and momentum are here constant. 


We must remember that the errors in the 
interpolated curves may be greater than in 
the curves of the four main directions. 


It is necessary to point out that the measure- 
ments were made in the earth’s geomagnetic 
system and all directions have been converted 
into the geographic system. This is the reason 
why directions, which represent infinitely large 
momenta on the curves 16° S, 32° S and 48° S 
are not on the geographic, meridional circle 
through the starting point, but on a geo- 
magnetic meridional circle. The formulae used 
for converting the angles Wx and ®y of the 
geomagnetic system to Y and ® of the geogra- 
phic system are: 
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"Geographic 
kaxis. N-pole 


Geomagnetic 
axis 


Fig. 2. Conversion of the angles W and ®,, of the 


geomagnetic system into Y and ® of the geographic 
system. 
For a station on or near the geomagnetic equator the 
east and west curves coincide with the zenith curve. 
In this case curves have been drawn alongside the 
zenith curve on the globe and marked with momenta 
for different zenith angles in the east- and west direc- 
tions. The appropriate direction is however read on 
the zenith curve. 


sin D = sin Oy * cos IIS — 
— cos ®x- cos (PE + Pm) + sin 11°.5 


On 
sin (WY + y, + 69°) Ae 


where y, is the geomagnetic and y, the 
geographic latitude of the cosmic ray intensity 
recording station (Fig. 2). 

Consequently we must remember: 
I. The figures 16° S, 16° N, 16° E etc., which 
tell us the direction of an orbit at the point 
Stockholm, are all valid in the geomagnetic 
system. 
Il. Orbits marked 16° N, 32°N and 48°N 
start in directions pointing towards the 
geomagnetic south pole. 
IT. All asymptotic directions are given in the 
earth’s geographic system by longitude angles 
Y and latitude angles ® (corresponding to Yz 
and ®X in the geomagnetic system). 

So far we have looked at particles starting 
from a point on the terrella within an infinitely 
small solid angle. But if we want to know the 
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Table I 
Geographic Geographic Geomagnetic Geomagnetic 
Station Latitude Longitude Latitude Longitude 
Po Ve Pn Ym 

ANISTTNESEN DENG econo bce Come 23°N 73°E 14° 144° 
Ghelteuham Se ess oe 39°N NN 50° 0) 
GNHSLCRUTCHA EC CE. 44°S 173 EB — 48° 2538 
CNE Sawn EN 39°N 106 W 48° — AU 
JC ENERGIES SCC ON TO NE 48°N 10° E 49° 89° 
Godhav ne scree oe Sr Siena ake « 69°N 54 W 80° 35 

LÉO DAT Acct een 43°S 147 E = 224 

ÉTANG A VO ARS ee 12°S 75 W — 1° — 16: 
IRAN ER la 0° 33 B = & 102° 
STEIN one 68°N 20°E 0155 116° 
vo daikamal rr ne garen 1o°N 78°E 1° ATZE 
Ion I nenn 51°N o° BE 82° 
INACOVAEEE Ga See ed one be hoes 35 N BB, 25° 203° 
Ore are EE Lente 42°N ı2°E 42° 92° 
Stockhoktiese ais, Isa. Gyan aye 59°N ı8°E 58° 107° 
SABRE ns. cn 78°N 15 E Tas EST 


1 For Stuttgart, Freiburg and Innsbruck the same globe may be used. 


Fig. 3. The Stockholm-globe. 
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asymptotic directions of all particles starting 
within a finite solid angle we have to intergrate 
a great number of small solid angles inside the 
big one. We then get a surface on the globe 
which represents all the possible directions for 
the given solid angle within which the particle 
started and fora given momentum. The bound- 
ary of this surface is in most cases the bound- 
ary of the definite solid angle at the starting 
point, which has been projected on the surface 
of the globe by means of the particle orbits. 

The preceding discussion applies to particles 
which start from a point on the terrella, but 
the same argument can be used in the cosmic 
ray case. The asymptotic directions of those 
particles we measure with dur G—M telescopes 
and ionization chambers are easily read off on 
the globe if the primary particle momentum 
is known. 

The exact appearance of that part of the 
primary spectrum, which causes the diurnal 
variation is still unknown. But using the 
results from two-directional measurements 
with G—M telescopes it can be shown that 
the effective center of gravity of this spectrum 
is around 20 GeV/c, in any case at latitudes 
above 50° degrees and for zenith angles less 
than 30°—40°, BRUNBERG and DATTNER (1954). 
Thus 20 GeV/c will be used as an average 
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momentum, when calculating the deflection 
in the earth’s magnetic field. 

As an example the Stockholm-globe is 
shown with four different telescopes. Each 
telescope is supposed to measure within a 
cone with a full apex angle of 35° (Fig. 3). 

The telescopes are tilted 30° from the vertical 
and measure in N, S, E and W directions. The 
solid angle coyered by a telescope is projected 
on the surface of the globe and represented by 
pieces of paper, stuck-to the globe. 


From this picture a phase difference of about 
2.6 hours can be expected between cosmic ray 
intensity variations measured with the north 
and south pointing telescope. It is also evident 
that the north pointing telescope precedes the 
south pointing telescope. The east and west 
pointing telescope on the other hand will give 
approximately the same phase, but they scan 
different parts of space. At present 16 globes 
representing 16 different stations around the 
earth have been completed, able 1. Drawings 
of the globes are given in fig. 4—32. 


I should like to thank Mrs N. Sedlacek for 
calculating and drawing the curves and Mr 
A. Spangberg for photographic work. A 
grant from Knut and Alice Wallenberg 
Foundation has made the work possible. 
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Fig. 4. Ahmedabad 
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Fig. 5. Ahmedabad 
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Fig. 6. Cheltenham. 


Fig. 7. Cheltenham. 
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Fig. 9. Christchurch. 
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Fig. 10. Climax. 


Fig. 11. Climax. 
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Fig. 12. Friedrichshafen. 


Fig. 13. Friedrichshafen. 
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Fig. 14. Godhavn. 
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Fig. 15. Kiruna. 
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Fig. 16. Hobart. 


Fig. 17. Hobart. 
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Fig. 18. Huancayo. 
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Fig. 19. Huancayo. 
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Fig. 20. Kampala, Uganda. 
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Fig. 21. Kampala, Uganda. 
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Fig. 22. Kodaikanal. 


Fig. 23. Kodaikanal. 
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Fig. 24. London 


Fig. 25. London 
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Fig. 26. Nagoya. 


Fig. 27. Nagoya. 
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Fig. 29. Rom. 
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Fig. 30. Stockholm. 


Fig. 


31. Stockholm. 
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Fig. 32. Svalbard. 
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On the Scale of Auroral Model Experiments 
By L. BLOCK, Royal Institute of Technology, Stockholm 


(Manuscript received February 24, 1956) 


Abstract 


The possibilities to scale down the physical properties of gaseous discharges with altered 
linear dimensions are considered with special regard to model experiments on aurorae. It is 
shown that the drift orbits can be transformed correctly, although the spiralling motion around 
the magnetic field lines cannot. This spiralling motion constitutes a very small ripple on the 
drift orbits in nature but a greater ripple in the experiments. However, this ripple seems to be of 
minor importance, and reasons are given for the view that the recent auroral experiments 


represent nature in a satisfactory way. 


Introduction 


When making model experiments of large 
scale phenomena in nature, it is not always 
possible to scale down appropriately every 
important detail. Model experiments of cosmic 
ray orbits in the carth’s magnetic field or in 
other types of fields can be scaled down prop- 
erly in every respect. It is only necessary to 
relate the particle energies and the field strength 
in nature and in the experiments in the appro- 
priate way, and the experimental results are 
then immediately applicable to nature. 

On the other hand it is impossible to alter the 
dimensions and time scale of gaseous discharges 
and at the same time transform their physical 
properties correctly in every respect (see ENGEL- 
STEENBECK II; 1934, pp. 9$—102). If the ordi- 
nary similarity laws are used, it is theoretically 
possible to transform the orbits of the particles, 
the motion by diffusion and in electric and 
magnetic fields, the density and the pressure, 
if the temperature can be kept constant. Some 
atomic processes, however, such as recombina- 
tion and cumulative ionization cannot even 
in theory be subjected to a scale transforma- 
tion, but ionization in one step is allowed if the 
similarity laws are fulfilled. 

In addition to these strictly theoretical con- 
siderations, practical difficulties may prevent 
a proper scaling i in cases, where the scale factor 


is very large or very small. This is the case 
in the auroral model experiments, performed 
by BIRKELAND (1913), MALMFORS (1946) and 
Brock (1955). The latter paper will be referred 
to as paper I. 

In these experiments lengths in nature have 
been reduced by approximately 1: 108, which 
means that according to the similarity laws 
the experimental magnetic field should be 108 
times the earth’s field, i.e., 6 - 107 gauss at the 
poles. It is thus techniqually impossible to 
fulfill this condition. We want to represent 
nature by a scale model of natural phenomena, 
and must therefore be sure that the significant 
details of the phenomena in nature are scaled 
down correctly. We must therefore consider 
two things. 


a) What is important in nature? 
b) What is scaled down correctly and what 
is note 


Particle orbits 


The particle orbits are governed by the 
equation 


mE + ev x B (1) 


In this equation we will introduce a charac- 
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teristic length A, time r, voltage y and magnetic 
field 6. Then we can write 


“B (2) 


IRRE, 

er) 7 
Suppose now a model where the length is 
changed by a factor kj, the time by k., the 
voltage by k,, and the magnetic field by kg. 
Then (2) changes into 


m kid ko ka 
eet! kA ke “PF () 


Assuming the particle orbits to be correctly 


transformed, the following conditions must 
be fulfilled 
ae ke _kiks 
(kr)? = ka = kı (4) 


There are four unknowns but only two 
equations, which permits us to choose our 
scale factors arbitrarily to some extent. Elimin- 
ating kr we get 


(ka: ka)? a =i (5) 


In the special case that k:=1 we see that 
ky = (ks)? which is equivalent to the equations 
(2) and (11) in paper I. The similarity laws 
mentioned in the beginning of this paper imply 
that kakg=1 and k,=1. This is due to the 
assumption that the same energies should be 
involved in the collisions. In equation (1) 
collisions are neglected. 

In our experiments we have k; of the order 
of 107$. The magnetic field may be as large as 
6,000 gauss at the poles of the terrella or 104 
times the earth’s field. Thus kg = 104. This gives 
k,=10-8. As a characteristic voltage in nature 
we may the voltage over a distance of 
the order of the earth’s radius. This may be 104 
volts. In the experiment the potential over a 
distance equal to the terrella radius should then 
be 10~4 volts, which of course is impossible in 
a laboratory experiment. This is also pointed 
out in connection with the equation (34) of 
paper I (p. 84). 

There is, however, another possibility which 
has been eed There are two kinds of motion, 
one drift motion and one spiralling motion 
around the magnetic field lines. It is shown in 
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Fig. 1. Motion of the electrons in the equatorial plane of a 

magnetic dipole field on which is superimposed a homo- 

genous magnetic field, under the action of a homo- 
genous electric field. 


paper I, that the drift motion is transformed 
properly (see pp 80—8r). The drift motion in 
the equatorial plane as calculated by ALFVEN 
(1950) is shown in Fig. 1. 

The equations of the drift motion have been 
calculated by ALFVÉN (1950, p. 23). 


I 
BilBXx(Ê+f + fi] (6) 


e 


az 


where in our case 


f=2E (7) 
f„= -uVB (8) 
d 
fis mu (9) 
pant (10) 


u, =drift velocity perpendicular to the mag- 
netic field 

W , =kinetic energy perpendicular to the mag- 
netic field 


It is shown by ALFVÉN (1955), that fi is 
negligible at distances less than approximately 
30 earth radii from the earth. Since the experi- 
ments cannot simulate phenomena so far from 
the earth, we will neglect fi in the remainder of 
this paper. Therefore, if we transform the drift 
orbits, their geometry will be unchanged if 
f and f” are multiplied by the same factor. 


eE- = VB (11) 

kop Wi 
or Lat. | (12) 
so that Wı ~ekyp (13) 


i.e., the particle energies are proportional to the 
applied voltage. This makes the characteristic 
length L of the forbidden zone proportional 
to A because 


Py ay Seas 
L=t BE (14) 


c=a constant dependent on the unit system. 
a= magnetic dipole moment of the terrella or 
the earth. 


ANT NZ. 
B pl 9 
However, (13) is not always valid. If collisions 


can be neglected, electrons starting in crossed 
electric and magnetic fields get a mean energy 


W — (5) (16) 


A combination of (12) and (16) gives 


Thus Lin 


Ve (15) 


hop _ (kop)? „AI 
ad Bla} Kai 


or =; = constant (17) 


(keka)® 


It can easily be seen that this is again equivalent 
to the condition that L ~/ at the transforma- 
tion, if W is subject to (16). It may be noted 
that (5) is a special case of (17). 

We can summarize all this by saying that the 
drift orbits are correctly scaled down if the 
following conditions are fulfilled. 


Fig. 2. Comparison of spiralling motions superimposed 

on the drift motion in nature (a) and in experiment (b). 

The spiralling radius of curvature is for clarity exagger- 
ated in both cases. 


a) The magnetic field must be so strong that 
the radius of curvature © is small enough for 
the equation (6) to be at all applicable. Express- 
ed in mathematical terms this condition is 


|(e grad)B| <|B| 


which in our case can be expressed as, say 
o < R=terrella radius 
b) The characteristic length L of the for- 
bidden zone must be correctly scaled down. 
These conditions are shown to be fulfilled in 
the experiments described in paper I, pp. 80-81. 
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The only difference from nature is then that 
the spiralling radius is relatively much greater 
than in nature. The ratio of the spiralling- 
radius and the size of the forbidden zone is 
about 0.0001 in nature and 0.05 in the expe- 
riments (see Fig. 2). If the magnetic field of the 
terrella is increased this ratio will be diminished 
but the latitudes of the auroral zones and the 
whole appearance of the discharge is substanti- 
ally unchanged. This is very important, because 
it makes it plausible that the incorrect scaling 
down of the spiralling motion is of minor 
importance. 


Particle density and plasma oscillations 


It is important to make clear the role of 
collisions in the discharge. The total cross 
section for collisions is never larger than about 
10-15 cm?. In the experiment the density is 
10 or ro em. ‘Thus the mican free’ path 
is a few metres, and this is larger than the 
dimensions of the vacuum chamber. Even if 
we allow for the spiralling of the particles, 
they can never experience more than a few 
collisions during their mean life in the dis- 
charge. 

In nature the density may be of the order 
of ı per cm?. Then the mean free path will be 
at least 1015 cm or 105 times the size L of the 
forbidden zone. An estimate of the total length 
of an electron orbit near the forbidden zone 
shows that it may be of the order 10° or 104 
times L and therefore less than the mean free 
path. Thus both in nature and experiment 
collisions are of minor importance and the 
collision probabilities are about the same in 
both cases. This would not be true if the 
magnetic field of the terrella could be increased 
so much that also the spiralling would be 
correctly transformed because then the effective 
orbital length in the experiment would be 
much longer than the mean free path. It would 
then be necessary to decrease the pressure to 
about 10-§ mm Hg in the vacuum chamber. 

In ordinary gases it is the collisions that 
maintain statistical equilibrium and isotropic 
velocity distribution. As suggested in paper I 
it is probable that in the auroral discharges — 
in nature or in a model - the isotropic velocity 
distribution is maintained by what is usually 
called plasma oscillations. It is shown in the 
experiments that a kind of “noise” is present 
when the magnetic field is so strong that auroral 
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zones appear on the terrella and this noise is sub- 
stantially constant up to the strongest magnetic 
fields (see paper I, p. 70). This effect is similar 
to what happens in a magnetron, where the 
current should be cut off suddenly at a certain 
magnetic field, but noise sets in and the cut- 
off is made more smooth (CoLLINS, 1948, and 
REVERDIN, 1951). It is still more similar to 
investigations made by Äsrröm (1948). He 
used a tube with crossed electric and magnetic 
fields, where electrons emitted from a cathode 
move in throchoidal orbits. If the magnetic 
field and the current were not too strong, the 
electron beam was well defined, proceeding 
in the vicinity of an equipotential surface with 
the same potential as the cathode. If the mag- 
netic field or the current were increased above 
a certain limit, the beam became blurred, noise 
appeared, and electrodes several hundred volts 
negative with respect to the cathode were 
reached by a substantial part of the electrons 
emitted from the cathode. In some cases as 
much as 90 % of the electrons could reach 
negative electrodes. 

The measurements on plasma oscillations in 
magnetic fields hitherto made (see e.g. Boum, 
Buruop, Massey and WILLIAMS, 1949) seem 
to indicate that “oscillations” are set up when- 
ever the gradient of the particle density be- 
comes considerable somewhere in the dis- 
charge tube. The oscillations act so as to de- 
crease the density gradients. We may call this 
an entropy increasing effect where the electron 
gas is transferred from a more “ordered” state 
to a less ordered one. It is clear that the auroral 
experiments confirm this view because noise 
is found whenever a forbidden zone is present, 
and at the boundary of the forbidden zone 
the density gradient is certainly large. If this 
view is correct, the presence of noise is thus 
subject to the same conditions as the proper 
scaling down of the drift orbits. 


Discussion 


It is obvious that model experiments of this 
kind can never prove anything; they can only 
make one or another hypothesis about the 
aurorae more or less probable. In the author’s 
opinion it seems very probable, however, that 
the experiments described in paper I constitute 
a good model of all the most significant details 
of the auroral mechanism. The point where 
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noise sets in constitutes a sudden transition from 
a device, which has nothing to do with aurorae, 
to a good representation of the auroral mecha- 
nism. The character of the discharge suddenly 
changes at this point and at higher magnetic 
fields no substantial change of the discharge 
takes place. The only important difference 
between discharges at strong and at weak fields 
above the “transition” point is the latitudes 
of the auroral zones. It has been possible in 
some cases to increase the magnetic field by a 
factor ten above the “transition” point. 
Clearly the mechanism described by the 
electric field theory of aurorae can be realized 
at least in the laboratory, i.e., in the model 
experiments made by Malmfors and Block. 
In particular the charges, which are set up in 
the equatorial plane, discharge along the field 
lines to the auroral zones, rather than destroy 


L. BLOCK 


= 


the theoretical picture of the orbits in the 
equatorial plane. The drift orbits are shown to 
agree well with the theoretical orbits. The 
more similarities that can be found between 
the laboratory experiment and nature, the 
greater will be the probability, that the electric 
field theory describes what happens, not only 
in the model experiments, but also in nature. 

The weakest details of the experiments are 
the orbits of the positive ions. Their radius of 
curvature is still of the same order as the terrella 
radius, and not even their drift orbits are there- 
fore correctly scaled down. As far as we know 
now, however, it is always the electrons that 
determine the main character of a gaseous 
discharge. 

The work has been made possible by finan- 
cial assistance from Statens Naturvetenskapliga 
Forskningsräd. 
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The ionized gas from the sun moves in the 
magnetic fields of the sun and the earth and 
in an electric field. The drift motion can be 
divided into three terms, one due to the 
crossed electric and magnetic fields, one due 
to the inhomogeneity in the magnetic field 
and one due to the inertia of the charged 
particles. The last term is of special interest 
for the motion of the ions. 

Far from the earth the current is zero since 

the density of positive and negative charges 
are practically equal. In the region where the 
magnetic field from the sun and the earth are 
of the same order of magnitude the current 
due to drift in crossed fields and that due to 
inertia form a circular current round the earth. 
That has been discussed by H. Alfvén? but the 
formal proof is not given in his paper. His 
statement can be proved in the following 
manner. 
I. Let us first discuss the ion current. Since we 
are specially interested in the drift due to 
inertia, and that drift is small except when 
n = 1,1 we can neglect the drift due to inhomo- 
geneity. H. Alfvén has given the positive ion 
current (ibid. § 8, eq. 3—6) and if we introduce 
E=x/A, &=y/A, p= —6xz/A it can be rewritten 
in the following form 


fe=o (1) 


. A 
er (2) 


1 For the notations we refer to H. ALFVÉN (1955). 
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(=O (4) 


In the stationary state this current has to 
satisfy the divergence condition 


div j=0 (s) 
If we introduce q= —entvyy?/(1 +73) equa- 
tions (t)—(4) and (5) give 
d mic q _ 
Ciera) 0 
We have thus to solve the equation 
dé de dq 
= (7) 
nic Pe ei 
Pore PE aa 
This can be split into 
de wat nt 
He)" 2? een Me) 
dq _ 4-57 
de ar qpËên? (1 an n°) (7b) 


H. Alfvén (§ 7) has shown that p/6 is of the 
order 0.05 for the ions. Let us thus put &=con- 
stant in the r.h.s. of (7a) in order to get a 
first approximation. 


Pp en 
6(1+ 7°)? 


E-&0= (8) 
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We can rewrite (7b) as 


ding) 


et 3 
ey 3 ap 


(dee 


(9) 


For the € which appears explicitly we may 
introduce the value from (8) but in 7 we keep 
E constant, as before. We get 


De De 


a Pear pane 6 


(10) 


where C is an arbitrary constant and Q is a 
function of 7 we do not specify. The general 
solution is now obtained when & is eliminated 
between (8) and (ro) and C is exchanged for 
f which is an arbitrary function of the argument 


p ı+27° 
in: 


The boundary condition is that q is inde- 
pendent of £ when &>». That means that f 
must be a constant. We thus get 


ae 


=o eX & 
1=o pr (+) 
In the whole interval o<n< © is |Q,|<o.1 
but the first factor in the exponent of (11) is 
smaller than 0.13 p. For the values of interest 
of p we can thus neglect the second term in the 
bracket besides the first one. Further the value 
of the exponent is below unity and hence is, 
if we introduce n* again, 
mi 


rm) 09 


which is the same expression as given by 
ALFVÉN (1955), (§ 8 (14). 


I+n? 
Any 
N 


ERNST ÄSTRÖM 


u 


Il. For the electrons we can neglect j' but 
we have to take account of j® and j". Then 
it is easy to see that 


(13) 


is an exact solution to (5) satisfying the bo- 
undary condition that n~ is independent of the 
coordinates at infinite distance. 

Ill. If we now keep to the region where the 
solution to I is valid we get for the total 
current (ions + electrons) 


n =, (149°) 


E=o (14) 
78 nt 
in =e(n~ -n*)vy Sr 7 = — enpVopË PA + 
(15) 
D ee oF deb 
Ix in dat PS Een 
n* CR 
Oe F N 
Ngo pl re rl: + me.) 
nt 
(tate) = 
ies (17) 


The second term in the last bracket of (16) is 
smaller than 0.13 p. If p is well below 1 we 
can, in the first approximation, neglect this 
second term. That means that we can put 
n= &nt in the first bracket. Since m <m* also 
this bracket can be taken as 1 in the first | 


- ‘ x | 
approximation. Under these assumptions we | 


find | 
jf = RE où = ie 


That means that the current due to drift and 
inertia together show circular symmetry—a 
conclusion at which H. Alfven arrived in the 
mentioned paper. 
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Abstract 


In magneto-hydrodynamics conservation of energy leads to the adiabatic relation, du= pdo/o?, 
between the internal energy u per unit mass, the pressure p, and the density g. The relation 
is valid for arbitrary amplitudes in a non-dissipative medium. The Hall current modifies the 
properties of magneto-hydrodynamic waves in an ionized gas. The compressive modes and 
the Alfven mode earlier discussed by van de Hulst are shown to be coupled by means of the 
Hall current. The dissipation of slightly damped waves is expressed in terms of the effective 
conductivity 05=0, + 05?/0, earlier introduced by Cowling. The theory is applied to magneto- 
hydrodynamic oscillations in the layers of the ionosphere. The possible periods of the waves 
are consistent with the periods of “giant pulsations’? which have been observed as a type of 
perturbation in the earth’s magnetic field in the auroral zone. The results indicate that magneto- 
hydrodynamic waves in the E-, F,-, and F,-layers may explain the existence of giant pulsations 
as well as the occurrence of rapid vibrations in the terrestrial magnetic field. 


Introduction 


A type of perturbation in the earth’s mag- 
netic field was first observed on the records of 
Haldde Observatory and described by Birxe- 
LAND (1911). The perturbation occurred as 
regular sinusoidal oscillations of considerable 
amplitude. Later on, similar series of oscilla- 
tions were recorded in Abisko and reported 
by Rote (1931) who described them as “giant 
micropulsations”. A survey of data from giant 
pulsations at Bossekop, Tromso, Bodo and 
Sodankylä during the period 1929—1941 has 
been given by Haranc (1941). Registrations 
of the pulsations are at present being performed 
at the observatories of Kiruna, Abisko, and 
Lové (AMBOLT, 1954). The data obtained by 
Ambolt for the period 1951—1953 show 
essentially the same features as those given by 
Harang. The periods of giant pulsations are of 
the order of 100 seconds and durations between 
20 and 240 minutes have been observed. 
According to Harang the pulsations seem to 
occur most frequently and with the greatest 
amplitude on records from points in or near 
the auroral zone. 
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Harang suggests that the pulsations may be 
produced by processes within the ionosphere. 
In this paper will be examined the possibilities 
of explaining the oscillations as magneto- 
hydrodynamic wave phenomena. Motions in 
the ionosphere, perpendicular to the earth’s 
magnetic field, may give rise to induced 
electric currents which interact with the 
magnetic field in the form of an electromag- 
netic force. If the dissipation is small enough 
the motion will be governed by this force and 
its interaction with the inertia force, and 
magneto-hydrodynamic waves are generated. 
The application of magneto-hydrodynamic 
wave phenomena to the problem of giant 
pulsations leads to the following two questions: 
(i) Do the observed periods correspond to 
possible modes of oscillation in the ionospheric 
layers? 

(ii) Is the damping of the waves small enough 
to make oscillations possible? 

The investigations presented here will start 
with a discussion on the laws of conservation 
of momentum and energy for an ionized gas 
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in a magnetic field. Since the particle density is 
relatively low in large parts of the ionosphere 
the influence of the Hall current has to be 
considered. The phase velocities and the 
damping lengths for plane waves are deduced 
in Sec. 2 and the results applied to the iono- 
sphere in Sections 3 and 4. 


I. Conservation of momentum and energy 


The propagation of magneto-hydrodynamic 
waves in a compressible conductor was first 
discussed by HERLOFSON (1950), HOFFMANN and 
TELLER (1950) and vAn DE Hutst (1951). The 
first and the last authors have used the 
expression 


dp =C? do (1) 


between the changes in pressure p and density 
0, C being the velocity of ordinary aerody- 
namic sound waves. However, no proof seems 
to have been given that this relation should 
also be valid in magneto-hydrodynamics. 
Hoffman and Teller show that the adiabatic 


condition 
du =p do/o? (2) 


for the change in the internal (thermal) energy 
u per unit mass is valid for plane, non-dissi- 
pative magneto-hydrodynamic waves of small 
amplitudes. Relation (1) follows from eq. (2), 
which is readily seen in the case of a polytropic 
gas for which 


O=p/RO, u=c,O 


(3) 


where R is the universal gas constant divided 
by the mean molecular weight, © the temper- 
ature and c, the specific heat at constant 
volume. If c, is the specific heat at constant 
pressure the adiabatic condition (2) leads to 

C=(yple)"s y=ole, (4) 
and p becomes a function of @ only, as stated 
by eq. (r). 

We are now going to investigate the limita- 
tions of the assumption expressed by equation 
(1). Let us consider an ionized gas moving 
with velocities much less than that of light. 
The density and thermal energy of the charged 
particles are supposed to be so small that it is 
not necessary to discuss the molecular contri- 
butions to the electric and magnetic fields. The 
absolute dielectric constant and the absolute 
permeability are then approximately equal to 


BTE EN eRe u 


the values &, and u, in vacuum, and Maxwell’s 
equations for the electric field E and the 
magnetic field B, given in MKSA-units, are: 


E JE 
curl B=u,i+ug Eo mre (5) 
oB 
ee 6 
curl E Er (6) 


and 
div E=o,/&; div B=o. (7) 


0, is the charge density and i the current 


density. Following STRATION (1941) we 
multiply eq. (5) vectorially with B/u, and eq. (6) 
vectorially with &E. The sum of the obtained 
equations becomes: 


2 0 
0,E+ixB= —& > (EB) + div S, (8) 


where S is the usual electromagnetic stress 
tensor with nine components of the form 
&) Ex Es + Ba Bg/o- Eq. (8) is the law of 
conservation of momentum of the electro- 
magnetic field. The left hand side may be 
interpreted as an increase per unit time of the 
mechanical momentum of electric charges and 
currents. The increase is supplied by the 
electromagnetic field. Scalar multiplication of 
eq. (5) with E/u, and of eq. (6) with B/w 
gives after summing up the obtained expres- 
sions: 


: ae I 
Ei (eB Te B:/n) 


€ 


- div(E x B/w), 
(9) 


which is the law of conservation of energy of 
the electromagnetic field. The left hand side 
is the total energy per unit time and unit 
volume given off by the electromagnetic field 
and transformed into other forms of energy. 

The mechanical conditions governing the 
motion of the gas are the laws expressing 
conservation of matter, 


(10) 
and conservation of momentum, 


dv 
ey Vrtf, (11) 
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where v is the gas velocity and f represents all 
forces acting on the gas in addition to the 
pressure force. Viscous forces are assumed to 
be negligible. With the thermal energy u per 
unit mass of charged and uncharged particles 
and with the kinetic energy $v? per unit mass 
the law of conservation of energy becomes 


a (+2) =, [-pdivv-(v- V)p+wl. 
(12) 


The increase in thermal and kinetic energy is 
supplied by the right hand side of eq. (12) 
which is the sum of the compression- and ac- 
celeration work performed by the pressure 
force per unit time and mass together with the 
input of energy, w/o, per unit time and mass 
from other sources. 

Now, let us assume that the gas is isolated 
from the surroundings, i.e., no external forces 
are acting and no energy, e.g., in the form of 
heat, is supplied from the outside. The left 
hand side of eq. (8) is the only force which 
couples the electromagnetic field with the 
hydrodynamic. Further, the total energy given 
off by the electromagnetic field has to be 
converted into thermal and kinetic energy. 
Consequently, equations (8), (9), (11) and 
(12) imply that 

f=0,E+ixB; w=E.i, (13) 
and the laws of conservation of the total 
momentum and the total energy become 


d 
p= -Vpto,E+ixB, (1) 
and 


og, (n+rive) pdivv-(v:V)p+E:i. 


These relations follow in the non-relativistic 
limit from the theory on the total energy- 
momentum tensor (see, e.g., MOLLER, 1952). 

We are now going to rewrite the energy 
theorem (15) in a more condensed form. For 
this purpose the relation between E and i will 
be given in terms of the electrical conductivity. 
For non-relativistic velocities the quantities E’, 
B’ and i’ in a coordinate system following 
matter are related to the corresponding 
quantities E, B and i in a system “at rest” by 
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E’=E+vxB, B’=B, (16) 

and 
i=i-0,v. (17) 


The field E’ is divided into components 
parallel and perpendicular to B’: 


E=(E:B)B+Bx(ExB), (18) 


where B is the unit vector along B. The 
current density is 


i=o,(E B) B +o, (B « E’) x B +o, (B xE), 
(19) 
where the parallel conductivity o,, the cross 


conductivity o, and the Hall conductivity o, 
are given by 


Oy = Ne? (t./m. + Ti/mi), 


(20) 
0, = Ne*[telime (I + we Te) + 1; /m; (1 + @; 77) ], 


(21) 

and 
0 = Ne’ [ete |me (1 + we Te) - 

- ot |m; (I + oi ti) |. (22) 
N is the density of electrons which has been 
assumed to be approximately equal to the 
density of ions. e, Tt, me and w.=eB/m, are 
the charge, collision time, mass and gyro- 
frequency of the electrons and r,, m; and @; 
the corresponding mean values for the ions (cf 
CHAPMAN and COWLING, 1939 and COWLING, 
1945). 

Substitution of expressions (16) and (17) 
into eq. (19) gives, after rearranging terms and 
using well-known vector identities: 


i=0,V+0, (E+ v x B) + (0) -0:) (E- B)B + 
+0,[Bx(E+vxBj], (23) 


or 
E=-vxB+E*, 


(24) 


where 
Ex = (i - o,v)/o + (1-9 /0,) (E : B) B+ 
+ [(E+v xB) xB] 02/01. (25) 
From these results we deduce 


E-i=(-vxB+E*)-i= 
=(e,E+ixB):v+(i-o,v)'E*, (26) 
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since (vxB): v=o. The expression obtained 
is substituted into the energy theorem (15). 
The first term of the right hand side of eq. 
(15) is rewritten by the help of the equation of 
continuity (10) and 


du dv pdo | 
De N 


+ (0(,E+ixB)-v+E*-(i-0,V). 


(27) 


5 (er + Vp-0,E-ixB) =0,. (28) 


because the bracket of the right hand side of 
the last equation vanishes according to the law 
of conservation of momentum (14). Two 
special cases of eq. (28) will be discussed: 


(i) The gas is assumed to be ionized to a high 
degree and the density is made so high that 
the parallel conductivity becomes very large. 
We have 9,2%, Na, Nt;>00, Noo 
and T0, 7;>o simultaneously. Then o,> 
—0,-> and 6,/0,->0. This gives E*->0 and 
the law of conservation of energy (28) reduces 
to the adiabatic condition (2). 


(ii) For small amplitudes pressure and density 
deviate slightly from their static values and 
the first two terms in eq. (28) are linear. The 
quadratic term containing E* can be neglected 


and eq. (2) is still valid. 


The results show that relation (r) is correct 
for non-linear, non-dissipative motions as well 
as for motions of small amplitudes, damped 
by Joule losses. For large amplitudes the Joule 
heat introduces a dissipation term into the 
energy equation (28) and the pressure is no 
longer a function of density only. 

Scalar multiplication with v of the law (14) 
gives a relation which may be transformed by 
the help of eq. (9) and (23) into a form con- 
taining the kinetic and electromagnetic ener- 
gies. Such expressions have been derived by 
WALÉN (1944) and BaNos (1955) and may 
form a convenient starting point for many 
discussions. However, since such forms are 
derived from the law of conservation of 
momentum they do not give any information 
about the conservation of the total energy. 
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2. Plane waves 


The effective electric conductivity in a gas 
of low density, such as the ionosphere, depends 
on the special problem being considered. For 
a binary gas, where only one type of charged 
particles carries the main part of the electric 
current, COWLING (1933) has shown that the 
effective conductivity becomes equal to the 
parallel conductivity when the Hall current is 
prevented from flowing. If the contributions 
to the currents made by the ions are included 
the result will be modified. Examples are 
given by Hrrono (1950, 1952) and BAKER 
and Martyn (1953) in treating the problem 
of the electro jet. The motion of ionized gas 
in combined fields of force has been discussed 
by PIDDINGTON (1954). Two special types of 
wave phenomena in the ionosphere have 
recently been subject to investigations by 
Hines (1953, 1955) and Iıse Lucas (1954). 
Concerning the conductivity of ionized gases 
the reader is also referred to the papers by 
CowLING (1945, 1953) and CHAPMAN and 
CowWLING (1939). 


a. Approximations 


Before we start to work out a theory on 
plane waves in detail some simplifying ap- 
proximations will be made. The amplitudes of 
the magnetic oscillations which have been 
recorded range between b,=2x10~® Vs/m? 
and 3 x ı0-® Vs/m? (1 gauss= 1074 Vs/m?) for 
the perturbation field b, at the earth’s surface 
(HARANG, 1941 and AMBOLT, 1954). The 
field is assumed to be produced by a current 
system in the ionosphere. A rough estimation 
of the perturbation field b in the ionosphere 
is made with Biot-Savart’s law. If the values 
given in table 1 of altitude and thickness of 
the ionospheric layers are used, we get bs ro b.. 
The actual amplitude is probably larger for 
oscillations in the upper layers due to a screen- 
ing action caused by underlying parts of the 
ionosphere. The strength of the geomagnetic 
field in the auroral regions is B,=6 x 10-5 
Vs/m?. We have bzı0 b,<3x 107 Vs/m?, 
and the assumption of small amplitudes seems 
to be justified. 


Relativistic effects and the influence of the 
displacement current are neglected. This is 
seen from the magnitude of the propagation 
velocities obtained in table 2. 
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The ratio between the Coriolis force and 
the electrodynamic force acting on a plane 
wave is given by LEHNERT (1954): 


Y= QxV, (29) 


where Q is the angular velocity, x the wave 
number and V=B,/(u0)": the Alfvén veloci- 
ty. For the ionosphere we have Q= 10-5 sec.-1 
and V > 5.5 m/sec. Wave lengths at most of 
the order of the thickness of the ionospheric 
layers correspond to x<0.03. Thus, the 
Coriolis force can be neglected in the first 
approximation. 

The ratio between the gravitation force and 
the electromagnetic force per unit volume is 
of the order 


Me =go/li x B| DI gUo oA/bB, = BoUgto/bV?, 
(30) 


where A=Ut, is the wave length, U the 
phase velocity and t, the period of oscillation. 
The smallest values of f, are about 60 seconds 
and the smallest value of U/V? is 5x 10 
sec./m according to table 2. This gives f/fy = 8 
which implies that the gravitation force 
cannot generally be neglected and agrees with 
estimations carried out by Hines (1955). We 
will limit our investigations to horizontal 
motions when the theory of this section is 
applied to the ionosphere. 

The relative importance of the kinematic 
viscosity » and the electromagnetic “viscosity”, 
1/U903, is estimated from 


(31) 


i, 
PAUL 4 Ul MSs, 


where % is the thermal velocity, ! the mean 
free path and o, is given in table 1. With 
03 < 107% Q-1- m-1, ux 108 m/sec. and 1 <3 x 
x 103 m we obtain fuyo3” < 1073. Consequently, 
the viscosity can be neglected with good 
approximation. 

The thermal energy density of the charged 
particles does not exceed the order of NkT ~ 
~~ 10-8 newton m/m? and the magnetic energy 
density is B?/2 U9 = 1078 n m/m?. Thus, we do 
not have to discuss the influence which the 

1 ] am indebted to Dr. E. Astrém for pointing this 
out to me. 
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thermal motion may have on the total mag- 
netic field. 

Finally, the density of negatively charged 
particles is assumed to be approximately equal 
to the density of positive particles so that the 
convection current can be neglected besides 
the conduction current and the electrostatic 
force besides the electrodynamic. 


b. The relation between wave number and frequency 


A coordinate system is chosen with the 
z-axis along the wave normal of a plane wave 
which moves in a homogeneous and constant 
magnetic field, 


By = (0, By, Ba). (32) 
The induced magnetic field of the wave is b 
and the static values of pressure and density 
are po and Qo. The field quantities E, b, i, v, 
p-p, and 0-0, are assumed to vary as exp 
| j(@t —xz)] in the wave and are propagated 
with the frequency w and the wave number x. 
Differential operations are represented by 
9/dz=-jx and d/dt=jw, where j=(- 1)". 
The approximations mentioned in section 2.a 
are introduced and equations (14), (1) and (4 
give 


a = 
= = (curl b) x B,/u500-—Vo. (33) 
00 


We introduce the notations 
U=w/x, V = B;/(4 Oo)", 


(34) 


and obtain from equations (10), (5), (6), and 


(33): 
(35) 


(36) 


0 = 06 vzlU, 
E,=Üb,, E,= -Üb,, 
and 
V- ; Ve 1 
PCT by|(Uo@o) > Yy= - In by/(Uo Qo) '*s 


UV. i 
Vz = Te b,/(uo 00) . 


(37) 
With 


Mo; 1, 2 — Lo %, 1, 2/0 = lg Go 1, 2/XU 


(38) 
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equations (5) and (23) are combined to 
(by, — by, 0) = —jn,U(E, + vy Bz = 02 By, 
E,-v,B., Ez+ vx By) - 


e U 
— j(n0 - 7) Re (E, By + E,B,)(0, By, B.)- 


Expressions (36), (37), and (34) are substituted 


into the three equations (39) which become 
jnV2(U? - V?) 
1 + jm V2 (U? - V2) + jg V3 U? 
- jm V, P(U? - V?) + jo Vy VU? 
where we have introduced 


V,=V,|V, Ve=VelV, (41) 


and 

Patol 
= (U4 — (C? 4+ V2)U2 + C2V,2]/(U?-C2). (42) 
Non-trivial solutions of equations (40) are 
obtained when the determinant vanishes. With 


T=T(U)=U?-V32, (43) 


and after some straightforward deductions, 
this condition reduces to 


Im + m3) L - jn ln. T-jV)) - 

-jnVz(mL-j)=0, (44) 
or 

LT-jL[VY, Im + mV ln! + m)] - 
UN) 

-(mVYy + moV2)/no(ni +n2)=0. (45) 
The frequency w may be considered as given 
and the complex phase velocity U is the 
quantity to be determined. 

When the density becomes large and the 
collision times small expressions (20), (21), 
and (22) indicate that o,->o) =o ando,—0. 
Equation (44) reduces to 


(nL —j)+ mT-j)=0, (46) 
when 7 = 7p is assumed to differ from zero. 
The system (40) is then divided into two sets: 
Set I. The first set corresponds to 


nL-j=o (47) 


and applies to the fields b,, Ex, v,, and vz, 


JmL+x 


INeVyL 
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= jas (EB, FT E, Bz + Vx B?, EB. + vy Bz ni 


~ 9B, By, — Ey By = Vy By Bz +4 hi) 69) 


a 


INV f bx 
—jNe Vy, Le) (No = M) VV, by + (40) 
— jo V2 -j9 v3 UE: 


as seen from eq. (40), (36), and (37). The 
particle velocity may have a component vz 
in the direction of the wave normal and the 
solution may contain longitudinal waves. 


Set II. The second set is given by 
nT-j=o 


(48) 


and contains the fields b,, E,, E,=V,Vzb,/U, 
and vy. The induced magnetic field and the 
particle velocity are both perpendicular to the 
wave normal and the waves are transverse 
Alfven waves. 

Equations (47) and (48) are identical with 
those obtained by van DE Hurst (1951). 
However, when the density decreases a 
modification of these results is introduced by 
the Hall current, as shown by eq. (40) and 
(44). The Hall current generated by one type 
of wave interacts with the other type. In such 
a case a coupling arises between the longitudinal 
and transverse modes which no longer can be 
separated into two independent wave systems. 


c. Slightly damped waves 

Only slightly damped waves are of practical 
interest in the following investigations which 
aim at a well defined type of oscillations. The 
complex “phase velocity” is written as 


C= PTjQ} (49) 


P and Q being its real and imaginary parts 

and Q/P<ı for slightly damped solutions. 

The field quantities vary as 

exp| jo(t-z/U)]r exp| jo(t-z/P) -wQz/P2], 
(50) 
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corresponding to a phase velocity approxi- 
mately equal to Panda damping distance 


Z © P?/oQ. 


(s1) 


The parallel and cross conductivities are large 
as well as 7, and 71. Infinite values of 9 and 7, 
lead to van de Hulst’s two sets of undamped 
waves described by eq. (45) in the reduced 
form 

(52) 


where the coupling caused by the Hall current 
has disappeared. Consequently, the coupling 
is small for large values of 7, and 7, and we 
may distinguish between two loosely coupled 
sets of waves with essentially the same features 
as those studied by van de Hulst. This is also 
confirmed by the discussion which follows. 
Introducing the notation (49) into eq. (42) 

and (43) we get in first order: 
(53) 


L(U) z L(P) +2jPQG(P), 


o> he 6, 


where 
G(P) = [2 Pr-c2-Vve-L{p)]/(Pr-CH, (54) 


and 


T(U)T(P) +2 jPQ. (55) 
Hence 
L(U) - T(U) & L(P) + T(P)+2jPQ - 
: [G(P)T(P) +L(P)]. (56) 


Expressions (53), (55) and (56) are substituted 
into eq. (45) and real and imaginary parts are 
separated; 


L(P)T(P) + 2PQG(P)[V$/19 + 
+ mV 2|(n? + m3)] + PQmil (ni +03) - 
- (V3 + noV2)Inoni +73) = (57) 
and 
2PQ[G(P)T(P) + L(P)] - 
- L(P)[V3 Ino + mV 2/(n' + m) - 
- T(P)nı(n + 73) =0- (58) 
As far as orders of magnitude are concerned 
eq. (57) and (58) may be written as 
L(P)T(P) + QG(P)O(4)N) +O(4|N2)=0 (55) 


and 


+ . 
+ T(P)O(1/N)=o, 
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where O(1/N) stands for terms of the order 
1/N, N being the density of charged particles. 
For slightly damped waves L(P): T(P) is 
close to zero whereas G(P) differs from zero 
according to eq. (54). Eq. (59) and (60) are 
equivalent to 

(61 


L(P)+ T(P)=O(1/N?); .Q=O(1/N). 
We distinguish between two sets of solutions 
giving the results (47) and (48) in the limit of 
high densities: 
Set I. For the longitudinal set the phase 
velocity P is given by eq. (42) with L(P) zo, 
which has the solution 

pre + | (C?+ 2) + 


= 
2 
1e Ya 
+; |(@+ vt cvi]") . (6) 


Q is obtained from eq. (58) and (61): 

Qem (P? —C*)/2 (ni +73) POP? -C?-V"). 
(63) 

From L(P)=o follows that 


(PAC?) (P= 12.0, (64) 


which shows that Q>o when P>o and 
Q<o when P< 0 according to eq. (63) and 
the waves are damped as it ought to be for 
solutions of the form (50). The damping 
distance is deduced from eq. (51), (63) and 


(38): 
20 shoe AP = CS St) ot Pa Cy. 
(65) 


where the effective conductivity is 
Oeff = O3 = (0; +63)/o, (66) 

and P stands for the solutions (62). 

Set II. For the transverse set T(P) & 0 and the 

phase velocity becomes 


Prt Vass (67) 


Further, from eq. (58) 
Qe [P2lno+ mV ily? +m)]/2P. (68) 
The damping distance is 


82446 2]; (69) 
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with the effective conductivity 
ven = onllt - P(x cod] 


where 64 is defined by eq. (66). 


(70) 


The terrestrial magnetic field is nearly 
vertical in the auroral zones. Two solutions 
with horizontal velocity vectors will be 
discussed in the following, namely, the longi- 
tudinal wave of set I propagating in horizontal 
direction and the Alfven wave of set II propa- 
gating in vertical direction. The phase velocity 
and damping distance are 

|P| = (C?+ 72) 
and Zp = 2U003(C? + V2)"2/w?2V? (71) 
for the former type and 
[P)=V and’z,=2u,0 Vo (2) 
for the latter. These special cases have earlier 
been discussed by PIDDINGTON (1954 b). 


d. Free oscillations 

Instead of assuming the frequency w to be 
given we may consider an initial value problem 
where a harmonic distribution in space with 
the wave number x is given at time t=o. We 
assume the behaviour at later times to be given 
by the form exp [j(ot -xz)]. The frequency is 
now a complex quantity the imaginary part 
of which corresponds to a decrease in amplitude 
with time. The formal deductions are identical 
with those of the preceding sections. The F,- 
and F,-regions are of special importance and 
here the approximations C? < V?, 0,00, and 
0,<o, are valid according to table 1. Since 
U must be of the same order as V we put 
U? = C? and obtain for the horziontal, longi- 
tudinal wave (V,=o): 

U? — V? w& jo/u001 (73) 
according to eq. (44), (42) and (38). The same 
result applies to the vertical Alfvén wave 
(V,=o). Eq. (73) is solved for the frequency: 


an = jx 90 a 2 { = (x2/u,01)° + 4x? pere 


(74) 
If x/u50, =2V the solutions are aperiodic 
(LEHNERT, 1955), i.e., the damping is too 
large to permit free oscillations. Equality 
corresponds to the wave length A,=27/%% 
where the oscillations first set in: 


Ag = 4.70 ly V x8 = 27 200,0’ wol”. (75) 


Bae i Neal 


~ 


Comparing this result with eq. (71) and (72) 
we see that free oscillations may start, roughly 
speaking, when 27 times the damping distance 
is of the order of the wave length A. 


3. Ionospheric data 


The preceding results will now be applied 
to the ionosphere. Data for the ionosphere are 
taken from the works by RAWER (1953), 
KUIPER (1954) and Nicoter (1953). The most 
important ions are O+, Of, Nt, and N. For 
ions we choose the mean values w; & 200 sec. 
for the gyrofrequency and 7; zT. (m;/2m.) 2 
& 120 T, for the collision time. The electron 
density is put approximately equal to the ion 
density and the ratio between the specific 
heats y & 1.5. The values of N given in table 1 
refer to the daytime. At night the density of 
charged particles is considerably lower in the 
D- and E-layers, whereas it stays nearly 
constant in the F,- and F,-layers. The value 
B,=6x10 5 Vs/m? is used for the earth’s 
magnetic field. We observe that the conductiv- 
ity 04 in table 1 has a peak in the E-layer, as 
pointed out by Baker and Martyn (1953). 
The wave lengths ral ty and damping 
distances z, of the longitudinal wave and the 
Alfvén wave given by eq. (71) and (72) are 
shown in table 2. 


4. Giant pulsations 


Observations have so far indicated the 
following main features of giant pulsations: 


a. The pulsations are regular and have a period 
range between 60 and 300 seconds and a 
duration between 10 and 30 periods. The 
growth of the amplitude is continuous as 
well as its decrease. The maximum amplitude 
occurs about half way between the beginning 
and the end of the pulsation. 


b. Oscillations have been observed almost 
exclusively in the auroral zone and occur with 
the highest frequency during disturbed years 
with maximum solar activity. They are less 
frequent at Lové (near Stockholm) than at 
Kiruna and Abisko and are rare at Rude Skov 
(Copenhagen). No pulsations have been 
registered at Godhavn and Thule to the north 
of the auroral zone (OHLSEN, 1954). 


c. Pulsations, probably due to the same source, 
have been observed simultaneously at different 
places as far as soo km and 1,000 km apart 
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Table 1. Ionospheric data. 
Layer | D E | Te) | Ps 
Meanmalititivd emi (me ee es 7X Toi 10° 2102 3 XTOË 
Weanwethicknesse dam) seien essen sen BPO. 5 x 104 10° 2 X 105 
Geta pera ture ON ORNE Te cu es 220 240 800 1,180 
Pressure DANS) RER EE cu. 6.1 5.4 X 10 ? 3.9 X 107Ÿ 2.310 
WDENSIEYV ONE ER) Re eee mienne 0. alone 8.6X 1077 T7 QUO Tal Ome= 
Sound--velocwy aC | (m/s) ARE woe se okle een 310 306 586 635 
ANSEHEN 1 (NYS) EEE jai canes nn. 5.5 58 4,100 ZEIT: 
IBlestrongdensisye N TRES) ET ca ac <fpacenolans 10° TOO 2.5 X 10 1012 
Gollistonsrequeney #2 (SEGEL). cic sous 107 32102 37x. 102 10° 
Collisionmume Tale er TO BO? ATOS TOs? 
Warallelconductivity ao (QM). see. ZO LORS 0.13 ZT 28 
Crasssconduchvitys oy) (Ohm) eee T4 TOR 1242 (10m 13 (TOR TOPATOS 
Hallgeondmeturuty Caw (Sete Se 1. 1.32 IT Om! 270 O ge 15% 102 4.60% 102° 
Bffeetive copductivity.o, (Q Tm)......... 2-0 TO Biz pal Om 13,10 TROrSTOg 


Table 2. Wave lengths and damping distances for magneto-hydrodynamic waves in the ionosphere. 


Pairs of data correspond to the range of periods #, = 60 .... 300 seconds. 
Layer D 12% | Te | Eis 
Mean thickness d (m) | 3x 104 | 5x 104 | 105 | 2002 
Longitudinal wave 
iphaset velocity |!2|s(m/s) iis tistetel oven. eat 310 311 4,240 2 X 104 
Maveslensthsi, (MS... Scott 210.8: 20102 25 GTOP A ET2IITO> 
105 105 "13 (TO? 6020102 
Dampimesdistancerz, (M) ee eee «ee ce See OGC TO PRIE TS ATOS BÉQTOE 
ACTION] le LION 5.1 X 104 M2 CAO 
DICH REIT LR SITE smile eh à 0.02% 3 0.05... TION. 
. .0.08 15 . 0.25 do 
Alfvén wawe 
BRasesvelocityalp| (mise. een ee 5.5 58 4,100 2,910} 
NVAMOPIER RER Ai (El) sc sen ee 3.3 102. BSR TOR RSE TO T2 TO... 
LOTO Je 2 RO: 137 To | 00 O0 
BDampmesdistancenz, (ME. CEE Ce TOME 2.3 ZIP CIO. SL TONER 
DIR LOL ..58 SFG LOA | 2.2.7208 
BEA ee ARE DO 0.004... DO OS. 
TOR Fr OLOLS 0025 ACTES 


(Bode—Sodankylä and Abisko—Lovö). The 
phase differences are moderate between pairs of 
stations such as Tromso—Bossekop, Tromss 
—Bodo and Kiruna—Abisko. This may 
indicate that the characteristic linear dimensions 
of the source are of the same order as the 
distances between the stations, i.e., at least of 
the order 100 km. The variation of the dis- 
turbance components with latitude leads 
HARANG (1941) to suggest a current system 
directed along the auroral zone. 


d. Very few pulsations have been observed 
between 13° and 21, The greatest number 
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occurs 24 hours after the diurnal maximum 
of terrestrial and magnetic storminess, i.e., 
around 35 in the morning. However, giant 
pulsations have been recorded during the 
bright time as well as during the dark time of 
the day. HARANG (1941) describes 17 pulsations 
during the bright time and 80 during the dark 
and corresponding numbers observed by 
AMBOLT (1954) in the period 1951—1953 are 
11 and 33 respectively. 


e. There exist observations where a correlation 
has been found between the pulsations and the 
properties of the ionosphere. During a pulsation 
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on December 28, 1938 in Troms@ the radio 
echo from the ionosphere showed periodically 
varying properties with exactly the same period 
as the pulsation. 


f. More or less regular vibrations in the earth’s 
magnetic field with periods of the order of a 
second have been observed in rapid magnetic 
registrations. The vibrations occur in the 
auroral zone, simultaneously at different 
stations. 


The discussion on the possibility of magneto- 
hydrodynamic oscillations with the observed 
periods will be based on the data given in 
table 2. An exact formulation of the bound- 
ary conditions with a description of all possible 
modes of oscillation and of the generating 
mechanism which supplies the energy is not 
within the scope of this investigation. We 
may only suggest that oscillations may 
be generated by an agency with a frequency 
which drifts through a resonance of the ionosp- 
here. This would offer a plausible explanation 
of the observed continuous growth and decre- 
ase of the amplitude of giant pulsations. Furt- 
her, the required energy is easily estimated. 
The magnetic energy of a pulsation with the 
amplitude b=3 x 1077 Vs/m? is about 3 X 10° 
n m within a region of the size of 1000 X 
1000 X 100km3. This corresponds to a heating 
by 500°C within a volume of 35 X 35 x 35 km? 
at an altitude of 200 km. Thus, the pulsations 
may be formed by energetically possible pro- 
cesses within the ionosphere. 

We will concentrate on two cases of 
horizontal motion; the longitudinal wave (71) 
propagating in horizontal direction and the 
Alfvén wave (72) propagating in vertical 
direction. For the former the largest imaginable 
wave length is about for times the breadth of 
the auroral zone. This would correspond to a 
standing wave across the zone with a wave 
length À < 4,000 km and with induced currents 
directed along the zone. For the latter we may 
suggest a vertical standing wave between the 
“surfaces’’ of an ionospheric layer. If the pulsa- 
tion is generated by some agency situated 
near one surface and oscillating close to the 
resonant frequency of the layer the thickness 
d will roughly be a quarter of a wave length. 
Consequently, we put A<4d for the Alfvén 
wave. The range of wave lengths in table 2 
show that the periods of the longitudinal mode 
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are consistent with those of giant pulsations in 
all layers except in the F,-layer for periods 
near f)=300 sec., where A may exceed four 
times the breadth of the auroral zone. The 
border between the F,- and F,-regions is not 
well defined and we may possibly treat the 
two layers as a whole when considering vertical 
Alfvén waves. Concerning the periods such 
waves would be possible in all layers exept for 
periods near 300 sec. where 1/4 exceeds the 
thickness of the F-region. 

However, a limitation is introduced by the 
dissipation, even if we assume the effective 
conductivity in the auroral zone to be 10 
times larger than its normal value outside the 
zone. From table 2 is seen that the ratio 
between damping distance and wave length is 
small enough to exclude magneto-hydrody- 
namic oscillations in the D-layer for both the 
considered modes and in the E-layer for the 
Alfvén mode. In the F-layers, on the other 
hand, the ratio sometimes comes close to the 
values where oscillations may be expected. It 
is not unimaginable that the damping under 
normal ionospheric circumstances is too large 
to permit oscillations, but that a slight increase 
in the electrical conductivity in the auroral 
zones would make such oscillations possible 
for both modes in the F,- and F,-regions and 
for the longitudinal mode in the E-region in 
the daytime. RAWER (1953) expects a con- 
siderable increase in electron density in the 
auroral zones, at least in the E-layer. An 
enhancement of electron density caused by the 
auroral discharge would explain why the 
pulsations are limited to the auroral zone and 
would exclude other types of oscillations not 
governed by electrodynamic forces. 

Finally, the rapid vibrations with periods of 
the order of 1 second correspond to 272 /A & 
Æ 0.04 for the longitudinal wave in the E- and 
F,-regions and for the Alfvén wave in the 
F,-region. The wave lengths are 3 x 102, 
2x 10% and 2 x 10% meters, respectively. Thus, 
we cannot exclude the possibility that the 
vibrations are caused by magneto-hydrody- 
namic waves in the auroral zone. 


5. Conclusions 


The preceding investigations show that 
magneto-hydrodynamic oscillations may possi- 
bly take place in the ionosphere with the 
period range observed for giant pulsations. 
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The assumption of an electric conductivity 
which is somewhat higher within the auroral 
zone than in its surroundings is likely to make 
oscillations possible within the zone andexclude 
oscillations outside of it. The pulsations will 
then occur in the F,- and F,-regions in the 
daytime as well as at night and in the E-region 
in the daytime. Their correlation with terres- 
trial and magnetic storminess may be caused 
partly by an enhancement in electrical con- 
ductivity, partly by an encrease in the number 
and strength of the sources which may generate 
giant pulsations. 

Probably, the possibility cannot be excluded 
that rapid vibrations sometimes observed in the 
earth’s magnetic field have periods and damping 
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distances consistent with magneto-hydrodyna- 
mic oscillations in the auroral zones, 
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Experimental Investigation of the Inhibition of Convection 


by a Magnetic Field 


By K. JIRLOW, Royal Institute of Technology, Stockholm. 


(Manuscript received February 15, 1956) 


The theory of stability of a layer of fluid 
heated below has been developed by RAYLEIGH 
(1916), JEFFREYS (1926, 1928) and PELLEw and 
SOUTHWELL (1940). According to this theory 
the layer of fluid first becomes unstable when 
the Rayleigh number 


Ras ja 


KV 


exceeds a certain determinate value R,. In this 
formula g denotes the acceleration due to 
gravity, d the depth of the layer, B is the 
temperature gradient which is maintained and 
a, x and » are the coefficients of volume 
expansion, thermometric conductivity and 
kinematic viscosity, respectively. 

The theory has been extended by CHanp- 
RASEKHAR (1952) to the case when the fluid is 
an electrical conductor and an external mag- 
netic field is introduced into the fluid. Ac- 
cording to Chandrasekhar the magnetic field 
delays the onset of convection, i.e., the 
critical Rayleigh number at which instability 
sets in is Re > Rg. Re depends on the strength 
of the magnetic field, B, through the dimen- 
sionless parameter 


where o denotes the electrical conductivity 
and py the density of the fluid. Chandrasekhar 
has tabulated R. as function of Q. In order to 
confirm this theory experiments with a con- 
stant magnetic field and a layer of mercury 


of different depths have recently been per- 
formed by Naxacawa (1955). The values of 
R., obtained are in good agreement with the 
theoretical values given by CHANDRASEKHAR 
(1952). 

Investigations along similar lines as in 
Nakagawa’s experiment were started some 
time before the publication of Nakagawa’s 
results, but the experiments were performed 
in a different manner. An external magnetic 


field was produced by an electromagnet and 


could be varied in the range 0 to 10,000 gauss. 
Mercury was used as electrically conducting 
liquid. A layer of mercury was enclosed 
between two plates of plexiglas (both of 0.5 
cm thickness) situated within a plexiglass 
cylinder 20 cm of diameter. The depth of the 
mercury layer was 1.0 cm. The magnetic field 
and gravity acted in the same direction along 
the axis of the cylinder perpendicular to the 
layer of mercury. The temperature gradient in 
the fluid was obtained in the following way. 

Hot water of temperature T and cold water 
of temperature Ty was circulating beneath the 
lower and above the upper plexiglass plates 
respectively. The total temperature difference 
T-—Ty=A\T was measured by means of a 
molybdenum-constantan thermopile. The tem- 
perature difference AO between the top and 
the bottom of the mercury layer was measured 
by means of a mercury-constantan thermopile. 
As long as the liquid is at rest the relation 
between AO and AT is given directly by the 


thermal conductivities of plexiglass and mer- 
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cury. When convection sets in, however, heat 
is transported through the mercury layer by 
the convective motions also. This implies that 
the “effective thermal conductivity” of the 
mercury is increased. Thus the distribution of 
temperature over the plexiglass plates and the 
layer of mercury, i.e., the relation between 
AO and AT, is changed when convection in 
the fluid sets in. 

The temperature difference AO, corre- 
sponding to the temperature gradient ß, was 
plotted against the temperature difference AT 
for different values of the magnetic field 
strength, B. The critical temperature difference 
A erit, when convection sets in, was deter- 
mined from the discontinuity of the slope of 
the curve. Fig. 1 shows the experimental 
results for magnetic field strengths of 600 


se°c 


40 07° 


AC 


Fig. 1. Temperature difference A © across a layer of 
mercury as a function of the total temperature difference 
A T across the layer and its boundaries. Curves are 
given for three different values of a magnetic field, B, 
perpendicular to the layer. 
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and 10000 gauss. (See table 1). From the 
values in the transition points the critical values, 
Rc, have been determined. The curves clearly 
show the suppressing action of a magnetic 
field on the convective motion of an electrically 
conductive liquid. For a field strength of 
10,000 gauss the motion was suppressed within 
the whole region of observation. Theoretically 
the curves should have been linear. The theory 
applies to a layer of mercury of infinite 
extensions in the horizontal directions and the 
slight deviation from linearity is probably due 
to the effects of the boundaries. 


Table I 


Magnetic field Re, theoretically Re, experimen- 


strength B calculated according tally deter- 
(gauss) to Chandrasekhar mined 
o 1708 1900 
600 6600 6800 
10000 R, > 100000 R, > 14000 
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Focusing of Paraxial Rays in a Magnetic Dipole Field 


By ERNST ÄSTRÖM, The Royal Institute of Technology, Stockholm 


(Manuscript received November, II, 1955) 


Abstract 


It is well known that a magnetic field of axial symmetry has a focusing effect for paraxial 
orbits. The field of the earth is of this type and it is shown that, if the cosmic rays consist of 
protons, a bundle of orbits parallel at infinite distance is focused on the surface of the earth if 
the energy is about 10 GeV. The co-latitude of the bundle at infinite distance is about 2.2 times 
the co-latitude of the focal point. The asymptote to the orbits is about 22° further to the east 
than the focal point. There is also an infinite series of lower energies exhibiting focusingpro- 


perties. 


The calculations refer to paraxial orbits, but a comparison with terrella measurements shows 
that the focal energy and the above relation between the co-latitudes is appropriate down to 


about so? latitude. 


I 


In a homogeneous magnetic field charged 
particles move along helical paths. That means 
that after one gyro period the particles return 
to the magnetic vector line on which they 
were originally situated. Because of the 
symmetry all particles coming from one point, 
with paths making all the same, arbitrary angle 
with the magnetic vector lines, again meet 
after one gyro period. We thus have a focusing 
effect. If this angle is small compared with one 
radian trajectories filling a cone with this top 
angle will give a good approximation to a 
focus after one turn. 

In all fields of cylindrical symmetry we have 
a similar effect. If the field strength decreases 
rapidly enough with the radial distance we can 
also arrive at a parallel beam at infinite distance. 

Let us assume a field of rotational symmetry 
with all its sources at origin. Let us emit 
particles from a point on the axis in a small 
cone round the axis. If the energy is infinite 
all particles will move in straight lines and the 
cone will persist also at infinite distance. If we 


now decrease the energy we know from the 
previous discussion that the beam must sooner 
or later become parallel at infinite distance 
(Fig. 1). That means that in this energy interval 
the solid angle at infinite distance must decrease 
for decreasing energy when the solid angle at 
the point of emission is kept constant. When 
still lowering the energy the solid angle 
increase again to a maximum and decreases 
then to zero when we again have a parallel 
beam. This procedure can be repeated indefi- 
nitely. Between two such consecutive zeros 
there must be a focus at infinite distance. 

If the point of emission is off the axis we get 
a similar effect. The central ray, however, now 
is bent, and further the double roots to the 
solid angle-energy curve are split into single 
roots, because of the astigmatism of the 
reproduction. 


II 


The earth has a dipole magnetic field. Let 
us study the motion of protons in this field 
near the dipole axis. Fig. 2 gives the ratio 
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Fig. 1. A beam of protons with the energy of 9.88 GeV 
arriving at the pole of the earth. The beam is parallel 
at infinite distance. 


of the solid angle at infinite distance to the 
solid angle at the point of emission as a function 
of the kinetic energy of the particle. We can 
see that above so GeV the solid angle is 
roughly unchanged by the magnetic field. 
Then the mentioned ratio drops rapidly and is 
zero at about 10 GeV. The important feature 
is that for energies below this value this ratio 
never exceeds 0.1. That means that in this 
whole energy range the top angle of the cone 
at infinite distance is much smaller than the 
same angle at the point of emission. 
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Table 1 gives some of the values of the 
energy, for which the beam is parallel at 
infinity. The highest energy for which this 
happens is approximately 10 GeV. This and a 
few of the following values are of importance 
in the applications. 


Table ı 
x | Et x | u 

5.5618 9.88 220 20°.67 
11.8122 2420 2.686 21.60 
18.0848 2.50 2.989 21.91 
24.360 1.70 Baas 22.06 
30.642 122 3.404 22.15 
36.924 0.937 3.566 22.21 
43.205 0.734 3.709 ADS 
49-487 0.597 3.837 22.28 
55.779 0.492 3-953 22.31 


Let us now study the bending of the beam. 
We are interested in protons which hit the 
earth perpendicular to its surface. Then the 
co-latitude for a point at infinite distance is 
greater than the co-latitude for the point on 
the earth where the trajectory ends. The ratio 
between these two quantities, x, is given in 
table 1. At the highest energy for which a 
beam, parallel at infinite distance, is focused on 
the surface of the earth, 10 GeV, x is about 2.2. 

The point at infinite distance on a trajectory 
is more towards the east than the point on the 
earth. The difference in longitude, Wp, for 
these two points is given in table 1, for those 


0 — at 
1 2 5 10 20 50 100 


200 GeV 


Fig. 2. The ratio of the solid angle at infinite distance 

to the solid angle at the surface of the earth for a beam 

of protons. The quantitites refer to the velocity space. 
Paraxial conditions have been assumed. 
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values of the energy which give focusing. As 
we see, it is almost independent of the energy 
and equal to about 22°, tending towards 22.5 
when the energy decreases towards zero. 


Ill 


BRUNBERG (1953) and BRUNBERG and DATT- 
NER (1953) have made measurements for 
energies down to about ıo GeV, and the 
measured focusing energy is in accordance with 
the theory. For x they get 2.2 and further the 
linear relationship between ®x and A extends 
to A= 50° (Fig. 3) which is far beyond the limit 
0-2 


807 


70 


50 
40 


30 


20 


latitude 
40 50 60 70 80 90° OA 


Fig. 3. The latitude ON at infinite distance for a beam of 

protons with the energy of 9.88 GeV arriving at the 

surface of the earth at the latitude A. The crosses refer to 

values obtained by model experiments made by Brun- 
berg and Dattner. 


of our approximation. The values of Y; are 
about 20°, but the experimental values begin 
to increase already at fairly high latitudes 
(Fig. 4). 

In the region 1—10 GeV Matmrors (1945) 
has made a model experiment. From the 
measurements the values of the energy giving 
focusing for paraxial rays cannot be obtained. 
For x we get the values 2.3, 3.0, 3.2, and 4.0 
for the four highest values of the energy in 
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40 


30 


latitude 
59 60 70 © ww À 


Fig. 4. Eastward longitude at infinite distance measured 

with reference to the point of arrival on the earth of a 

beam of protons with the energy of 9.88 GeV. The 

crosses refer to values obtained by model experiments 
made by Brunberg and Dattner. 


table 1. The three first agree within the prob- 
able deviation with the theoretical values. In 
table 2 some of the values WE are reproduced. 
If we remember that the error in the experi- 
ment may be about 5° we can conclude that 
the agreement between theory and experiment 
is satisfactory. 


Table 2 
À Ve 
9.9 4.2 | Bus | 1.7 GeV 
80° 20° 23 24 25 
75 22 37 27 29 
70 23 29 31 an 
L 
IV 


If we apply these results to the measurements 
of cosmic radiation we thus find that for a 
discrete series of energies particles arriving in 
the zenith direction in a cone of finite value 
of the solid angle come from a well defined 
direction at infinite distance. That means that 
with a measuring equipment measuring Over 
a fairly large solid angle we can measure the 
radiation from a well defined direction in 
space. Further, the direction in longitude is 
practically the same for all focal energies, 
which is suitable, but the latitude depends on 
the energy, which means that we have to 
restrict the measurement to a certain energy 
interval, if we require a fairly well defined 
direction at infinite distance. Figure 1 shows 
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that for practical purpose we can accept the 
direction of a trajectory at a distance of a few 
times the radius of the earth to be the same as 
at infinite distance. 


Let us now study paraxial rays in a magnetic 
dipole field somewhat more in detail. 

In a magnetic field of strength B the equation 
of motion of a particle of charge e and rest 
mass m is 


mr = ex xB (1) 


In order to secure validity also in the relativistic 
region a dot represents differentiation with 
respect to the eigen time (BECKER, 1933). 

Let the axis of the dipole field be along the 
z-axis. In order to obtain equations containing 
only one dependent variable it has been found 
suitable to introduce a frame rotating round 
the z-axis (GLASER, 1952). Let us at the same 
time take the radius of the earth, R, as the unit 
of length 


R&E=x cos O+y sin © | 6) 


Rn= -x sin O+y cos © 


Here © is a function of time. 

On the axis the radial component of the 
magnetic field is zero and an approximate 
value near the axis is easily obtained by inte- 
grating div B =o, while assuming B. depending 
only on z. We get 


r OB: 
ee 


where B is the component of the field along 


the axis. With these notations our equations 
write 


Nee: N: 
§-6(6+%)s- (20+) n- 


(+ ne 
CA 


+(ö+222)8 - 
2m dz 
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Let us put the coefficient for € and 7 equal 
to Zero, 1.€. 


I (4) 


By differentiating this relation, remembering 
that B, is static and since we keep to points 
near the axis, in the first approximation 
independent of the radial distance, we find 
that also the last term in the equation (3) 
vanishes. We have thus arrived at identical 
equations for & and n, namely 


ae UP TPG 2 
i+ (22.2) to (5) 


2 


In a dipole field, with the dipole strength a, 


FH? abt N 
B- = Fo 27° Since now the coefficient in our 


an 2? 

equation is a function of z we would like to 
have z as independent variable. We discuss 
paraxial rays. Then z is almost equivalent to 
the magnitude of the velocity of the particle 
(which we define according to Minkowski), 
i.e., we can use the relation z & vt where T is 
the eigen time. Further, the radius of the earth, 
R, is a suitable unit for the length, and con- 
sequently the new independent variable is 
€=z/R. Let a prim denote a differentiation 
with respect to ¢. To shorten the writing we 
introduce the parameter 


A ea 
= fo (6) 


470 mv R2 


Then our equations writes 


2 
a (7) 


and the solution is 


where A and B are arbitrary constants. Since 
we have the same solution for 7 we can 
generally write 


E = Au(£) + Bw(£) 


+ Dw 


n = Cu (9) 
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where u and w are two independent solu- 
tions. 

We are interested in the behaviour at infinite 
distance of orbits passing a certain arbitrary 
point on the unit sphere. Since we discuss 
points near thesis. 2.7,%, and y’ are given 
at &=1ı. This enables us to calculate A, B, C, 
and D. 


kA =xw' - (x’+O0'y) w, 


kC =yw' - (y -O'x) w, 
kB = —xu' + (x’+0O'y) u, 120) 
kD= -yu'+(y -O'x) u 


with k=uw’ - uw. 

We are now specially interested in the 
direction of the orbits when z — oo. But lim 
(0’) >o when &— co whatever value we 
attribute to A and B, which means that we 
can neglect the rotation of the £n-frame at 
that distance. Then is 


kx’ (co) = {u' (co) w’ — u'w'( 0 )} (x cos © - 

-y sin @) - tu’ (o)w — uw’ ()} {O' (x sin © + 

+y cos @) + (x’ cos © -y’ sin ©)} 

ky’ (cc) = {u (o)w’ - u'w' (0) (x sin © + 

+ y cos @) - {u'(cc)w — uw’ (0)} x 

x {0'(-x cosO + y sin@) + (x’ sin® + y’ cosO)} 
(11) 

In these formulae the value of @ refers to 

=, but all the other quantities without 

explicitly given arguments refer to €=1. 

Let us look at the trajectories inside a cone 
with the top angle 20<ı radian. The solid 
angle is then approximately ro?. At infinite 
distance the boundaries of the cone, in the 
velocity space, is given by 
kx’ (co) =a —{u'(c)w—uw'()o cos (0 +) 
ky (o)=b-{u(o)w-uw'(e)}o sin (9 +) 

| (12) 
where a and b are constants of no interest in 


this connection and @ is a parameter. The solid 
angle is now do? where 


be k-2 £1" (co) — uw" (oc) }? = Las ( x) (13) 
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To simplify the notation we have introduced 
A, from JAHNKE and EMDE (1948), defined by 


Consequently # is the ratio of the solid angle 
at infinite distance to the solid angle at the 
distance €=1. For infinite energy of the 
particle y=o and then is #=1, i.e., the trajec- 
tories are not influenced by the magnetic 
field. The equation #=o has an infinite number 
of roots, giving the energies for which the 
bundle of rays, we study, is parallel at infinite 
distance. We get merely double roots, which 
means that all rays really have the same direc- 
tion and are not merely laying in one plane. 
The further we proceed from the polar region 
the more astigmatic will the reproduction 
become, which means that the double roots 
are split into single roots. 

Let us study a certain trajectory and its 
intersection with two spheres with the radius 
equal to oo and 1, respectively. The corre- 
sponding latitudes may be called ®y and 2 
and the difference in longitude W%. The latter 
quantity is positive when the point at infinite 
distance is eastwards with respect to the other 
point. Then (11) shows that the co-latitudes 
are proportional to each other. At those values 
An giving Ÿ —=0 we easily get 


with 


For the calculation of Y; we need to know 
©. For paraxial rays vz is approximately 
constant and we can immediately integrate 
(4) to 


x (15) 


with the upper sign for positively and the lower 
sign for negatively charged particles. © gives 
the angle the frame has rotated, but it is not, 
in general, the angle a particle has moved in 
the fixed frame. Let us, therefore, now turn 
our attention to the motion of the particle in 
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Fig. 5. 


the &7-frame. We wish the particle to move 
normal to the sphere of radius 1 at its surface. 
Let us thus put y’=y=o at €=1. Since we 
are specially interested in the case when the 
beam is focused, i.e., Ÿ=0 we can also put 
u(t)=o. Then (9) and (ro) give 


RE (&)= (aw' -x’w) u (&) -xu’w(£) | 
kn (£)=xO'w u (à) 


Let us in the &n-frame draw the line w=o 
and the line u=o and use these as the u- and 
w-axes, respectively, of a reference system. 
Since the roots of u and w are alternating 
(Fig. 5) equation (16) shows that the point in 
the uw-frame rotates round origin when ¢ 
goes from I to oo. Since there are a finite 
number of roots above every value £ which is 
different from zero the number of turns are 
finite. The particle starts at €=1 on the u-axis 
and since u(co) is finite, but w increases 
indefinitely with £, then the limiting direction 
is parallel to the u-axis. Let us now number 
the roots of u(s)=o so that there are no roots 
fons 5, andeso that s > > sy, etc. Then 
w=o has n roots in the region s, << s< ©. 
That means that if we choose the scale (i.e., 
the value of y) so that s,=1, then the beam 


(16) 


I 
has rotated 5 7 turns when £ goes from 1 to 
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co. Since the u-axis falls along the &-axis the 
number of turns is the same in the £y-frame. 

u and w have the same sign above the highest 
root of w(s)=o. That means that u’ and w 
have different sign at the roots of u(s) =o. 
From that follows that our point in the uw- 
frame rotates in positive direction if O'(1) is 
negative and vice versa. But the frame itself 
rotates with the angular velocity ©, which has 
the same sign along the whole path. We 
conclude that the absolute rotation (in the 
xy-frame) of the particle is thus the difference 
of these contributions. 

The cosmic ray particles are mainly posi- 
tively charged and come from large distance 
towards the earth, but in the present paper 
we have discussed particles moving in the 
opposite direction. If we change the direction 
of the magnetic field of the earth the cosmic 
ray particles can follow the former paths but 
in opposite direction. In applying our results 
to the cosmic rays we thus have to put a>o 
and e>o. Then we get 

I 
PEs nt ~~ Xn (17) 

In cosmic ray physics the energy of a particle 
is usually given in electron volts. Since the 
energy of a particle accelerated from rest 
through the potential V is eV+mc?= -imev, 
and v?+v}+c?=1 we get, by introducing v 
from equation (6), the following relation 
between V and x 


me2\2 fus ac ı\?]% me? 
Fite ve ere 


In our calculations we have for the dipole 
momentum of the magnetic field of the earth 
used the value a=o.811 - 1023 Am?. 

This work has been proposed by Prof. H. 
Alfvén and sponsored by Statens Natur- 
vetenskapliga Forskningsräd. 
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Abstract 


Electron motion in the field from cylindrical pole pieces with the section in the shape of a 
rectangular hyperbola and its conjugate is treated. The accessible region is discussed. For the 
motion in the asymptote planes to the hyperbola the orbits are characterized by two para- 
meters, e.g. one (k), characterizing the shape, and the other the amplitude. The solution is 
given in elliptic functions. The orbits may be divided into two groups, one composed of orbits 
resembling trochoids and the other orbits of a meander type. There exists a periodic orbit si- 
milar to the diget 8. The drift is in opposite directions on different sides of this orbit, as charac- 


terized by k. 


The trochoidal motion is stable if the orbit is not stretched too much. For the meander orbits 
the criterion used gives a main stability region. This region is bounded by the periodic orbit 
and the orbit the branches of which just touch each other. For both groups of orbits there 


exists an infinite number of stable regions. 


Introduction 


In his theory of aurora VILLARD (1908) 
discussed the motion of a charged particle 
in an inhomogenous magnetic field. Some 
years later GUNN (1929) pointed out that 
this same motion was of importance in the 
theory of diamagnetism of an ionized gas and 
discussed the geophysical and astrophysical 
applications. He also gave a formula for the 
drift velocity, which is correct for sufficiently 


: a 
small amplitudes except for a factor —. Four 


“ 


years later THIBAUD (1933) used this type of 
motion in his recherches on the positron and 
CarTAN (1934) gave the correct, relativistic 
formula for the drift velocity. He restricted 
the discussion to the case when the difference 
between the maximum and minimum value 
of the field on a trajectory is only a small 
fraction of the mean value of the field. In 
some applications this is a serious limitation, 
and therefore we shall, in this paper, try to 
calculate the trajectories for the case when 


there is a linear gradient in the magnetic field 
strength but there is no limitation in the range 
of the amplitude of the velocity. If we require 
that there shall be no sources of the magnetic 
field in the region where we study the motion 
of the charged particles the linearity can hold 
only in one plane. We shall, therefore, also 
study the stability of the motion for small 
deviations of the path from the mentioned 
plane. 

1. Let us examine the motion of charged 
particles in the magnetic field shown in figure 
1. The field is produced by two conjugate, 
rectangular hyperbolic cylinders, having op- 
posite polarity. The axis of the cylinders 
coincides with the x3-axis, and the x,- and the 
X,-axes form the asymptotes. The field thus 
produced is a Laplace field in infinite space 
and it is therefore possible to put the pole 
pieces as far away as we like. In the present 
investigation we shall think of them as situated 
at infinite distance. The magnetic vector lines 
are also rectangular hyperbolas. From Fig. 1 
we can see that in the x,x3 plane the magnetic 
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Figure 1. The magnetic field. 


field is perpendicular to that plane. Since the 
magnetic forces act perpendicularly to the 
magnetic vector lines there exist trajectories 
entirely confined to the plane x,=o. 


m 
B=2Zalx, #0! (1) 


where a is an arbitrary constant, which means 
that the field strength is a linear function of 
the x,-coordinate in the mentioned plane. 
Thus this motion takes place in the simplest 
type of an inhomogeneous magnetic field. 
We would like to make the discussion rela- 
tivistically correct but at the same time, as far 
as possible, keep to the formality used in non- 
relativistic literature. Then it is suitable to let 
va be the component of the Minkowski 
velocity and + the “eigen-time” (BECKER, 
1933). In the low energy region |v,, va, v3 | 
and t will be the common velocity and the 
ordinary time, respectively. For v (without 
index) we shall use the term velocity and mean 
the projection of the Minkowski velocity on 
a plane perpendicular to the fourth axis. In 
the non-relativistic region then v is the absolute 
value of the velocity. Further we ought to 
remember, that v,/ic can be put equal to 
unity in the non-relativistic velocity range. 
Sometimes it is very Important to remember 
that B shall be used in the equation of motion 
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and not u,H. Since we consequently use the 
MKS system this condition is automatically 
satisfied. The equation of motion writes, if 
we take B from (1). 


dv 
eee 2a| -v3X%1, —V—Xq, v1%, = VaXal (2) 


The last of these equations can immediately be 
integrated, giving 


v3=a(x]?-x32) a (3) 


where b is a constant of integration. 

It is easy to verify that v,;=constant is also 
the equation for the magnetic vector lines. 
We only have to compare the derivative of 
(3) for the former lines with the direction of 
the latter lines, as given by (1). If we now 
discuss the projection of the trajectory in the 
X X, plane, we can say that for one and the 
same trajectory vs has a definite value along 
each magnetic vector line. 

The magnetic vector lines are in whole 
space situated in the x,x, plane. Equation (3) 
shows that the velocity v3 perpendicular to 
this plane is independent of x3. If we introduce 
vs from equation (3) into equation (2) then 
only x, and x, remain as dependent variables. 
The problem has thus been reduced from a 
three-dimensional to a two-dimensional one. 
Since the electric field strength is zero the 
velocity remains constant along a trajectory. : 
We, therefore, immediately get 


vy? +v.2=v? —v? ={v —b +a (xy? -x,?)} x 
x {v+b-a(x,?-x,?)} (4) 


The particles are confined to regions in which 
the r.h.s. is positive. The boundaries of this 
region are formed by the two hyperbolas 


x2 - x2? =(b +0) /a (s) 


Since b is the velocity the particle has in the x3- 
direction on the asymptotes to these hyperbolas 
the particles cannot pass these asymptotes when 
b is numerically greater than v but they can 
pass when b is numerically smaller than v. In 
the former case the two limiting hyperbolas 
are thus situated in the same quadrants and 
in the latter in different ones. In Fig. 2 the 
different possibilities are shown. The shadowed 
regions are the accessible regions. We find 
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Figure 2. The accessible regions (x—0) and the velocity v,(x;) when x, = o (a—d). 


that they extend to infinity along four with 
distance indefinitely narrowing channels. These 
latter are parallel to the magnetic vector lines, 
which fact makes their existence easily under- 
standable. On the dashed lines in Fig. 2 
v3=0 and on different sides of these dashed 
lines vg has different sign. On the boundaries 
of the accessible region vs has attained its 
maximum value. 


When we discuss the case illustrated in 
Fig. 2 we can first think of a homogeneous 
magnetic field with the magnetic vector lines 
parallel to the x-axis. The trajectory is a 
circle, if we forget the motion along the vector 
lines. Let us distort the field so that it varies 
with the x,-coordinate, i.e., with a coordinate 
perpendicular to the field. Then the trajectory 
get a trochoidal character (Fig. 3j) with a 
drift motion in the x-direction, 1.e., in a direc- 
tion perpendicular to both the field and the 
gradient of the energy density of the field. If 
now the field strength increases with the 
distance (in both directions) from a certain 


plane perpendicular to the field the trajectory 
will oscillate up and down through the 
mentioned plane. 

The field shown in Fig. 1 is, in principle, 
of that character we have just discussed and 
the trajectories, in the case illustrated in Fig. 
2a, are, in principle, of the character we have 
just deduced. We must add ‘in principle’ since, 
as we will find from the examination of the 
stability of the orbit in the plane x,=0, there 
exist cases when our discussion fails to give the 
correct answer. 


; ive. 7 ; 2 
Fig. 2 6 is Fig. 2 a turned — radians in 
2 


space. In case 2 ß and y the motion in the 
channels round the asymptotes has still the 
same character as in the former case. The 
motion in the central region round the origin, 
however, generally is quite erratic. For the 
limiting case between Fig. 2 ß and y we 
find that b=o and then equation (3) says that 
v3 changes sign when x, and x, are exchanged 
for each other. Since, for the motion in the 
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X1X2 plane, the x,- and the x,-directions are 
equivalent we thus may expect the drift 
velocity in the x;-direction to be zero. In the 
%yX_ plane the motion is, generally, non- 
periodic and therefore we may expect the 
motion in the x,-direction to be of similar 
character as the Brownian motion. Is this 
discussion generally true it fails for the singular 
case when the motion takes place in the x3 x, 
Or XgX_ planes, but these trajectories are 
unstable for small deviations from the plane. 

When the motion takes place in the plane 
X2=0, v, can be plotted as function of the 
x,-coordinate as is shown in Fig. 2 a—d. In 
case a motion is possible in two separate regions 
and the trajectories resemble trochoids, as 
shown in figure 3 i—k. When b=v the two 
regions have just become united but it takes 
infinite time for a particle to pass the point 
connecting them. That means that the x5- 
axis, on which the magnetic field strength is 
zero, is an asymptote to the trajectory, Fig. 3h. 

In the case illustrated in Fig. 2b the tra- 
jectory passes from the region x, >0, where 


co) k-0 


do k-057 


c) k-067 / 


000 


EN 
0000800088888 8 0 588288 
ee 


Figure 3. The possible types of trajectories. 
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the magnetic field has a certain direction, over 
the line x, =o, in which the field strength is 
zero, to the region x, <o, where the field has 
opposite direction. The centre of curvature is 
thus situated on different sides of the trajectory 
when x,>0 and when x, <0. The path has 
thus the crossing between the trajectory and the 
line x, =0 as a centre of symmetry. The actual 
curves are given in Fig. 3 d—g. There is to 
be observed that a periodic orbit is possible, 
Fig. 3 e, and that the drift velocity has different 
sign on different sides of this orbit. 

When b=o we have the symmetric case we 
have discussed above. Then the two maxima 
in Fig. 2b have merged into one maximum 
with the value v,=v. Consequently the 
trajectory will become that one shown in 
Fig. 3 c. In the case illustrated by Fig. 2 c 
the maximum value of v, is below v, and the 
trajectory will become that shown in Fig. 
3 b. When b= -v the trajectory is a straight 
line along the line on which the magnetic 
field strength vanishes. Finally, when b < -v, 
no motion is possible in the plane x, =o. 

2. For the quantitative discussion of the 
motion in the plane x,=0 we may distinguish 
between three distinct cases, namely 
1) Four real roots exist to the equation v,=0 

(Fig. 2). 

2) Two real roots exist to the equation v,=0 

(Fig. 2 b and c). 

3) No real roots exist to the equation v,=o 

(Fig. 2,d), 

This third case is of no physical interest since 
the velocity is purely imaginary. 


Case I. 


Let us first examine the case when the path 
resembles a trochoid. In that case we require 
four real roots to the equation v,=o. Since v 
is the magnitude of the velocity it is a positive 
quantity. Our requirement then can be written 
v<b. Let us then introduce the parameter 
k=(2v/v+b)%. To simplify the notation it is 
convenient to introduce also k’ defined by 
k?+k’2=1. With the new variables 


z=k(ajav)"x, (6) 
y=Rk 1(2av) ht 
our differential equation (4) can now be written 


(&) (12a) 9 m 
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The solution is the elliptic function (JAHNKE 
and EMDE, 1948) z=dn y, ie. 


x, =k-l (v/a) 2dny (8) 
Then equation (4) gives 
v3=v + (2v/k?) (dn?y - 1) (9) 


After having introduced dx,/dy instead of 
dx,/dt we may integrate; 
We get 


% kıC 
2-42) (<ny -<Ey) (10) 


where C and K are elliptic integrals (JAHNKE 
and EMDE, 1948). 

The Jacobian Zeta-function zn y is periodic 
with the period 2K. Disregarding the drift the 
motion is periodic and the period, measured in 
seconds, is 


T = (v,/ic)2k(2zav)- 2K (11) 
The quantity v,/ic appears because the relation 
between time ¢ and the quantity t is t=v4t/ic. 
In non-relativistic cases v,/ic is to be put equal 
to I. 

Upon this periodic motion a drift, repre- 
sented by the last term in equation (10), is 
superimposed, and the velocity, measured in 
meters per second, is 

Udrite =vlic/v,)k®C/K=uk2C/K (12) 
The factor v,/ic enters for the same reason as 
above. If we exchange v for the classical 
velocity u the factor v,/ic disappears but the 
theory is still relativistically correct. 

Since ı and k’ are the maximum and 
minimum values of the Delta amplitudinis 
function, respectively, we also find that 

Xymax — Xymin = (1 —k')R-4(2v/a)% (13) 
Our calculation shows that in the trochoidal 
case we exactly have 


I 
Xymax — ymin = amv/e 5 (Bras + Bin) (1 4) 


where Bmax and Bmin are the maximum and 
minimum values of the magnetic field strength 
on the trajectory we examine. That means that 


ERNST ASTROM 


the corresponding formula, which is derived 
for a homogeneous magnetic field, can be 
used also here, if we introduce the magnetic 
field strength in a point halfways between 
Ximax and Xımin- For the further discussion it 
is useful to observe that k’=Bmin/Bmax is a 
measure for the inhomogeneity in the mag- 
netic field, as seen by the charged particle. 
When k’=1 the particle moves in a circle 
(when the field is inhomogeneous the path has 
degenerated to a point: the particle is at rest) 
and when k’=o the trochoidal motion has 
degenerated to a single loop, as illustrated by 
Fig. 3h. For the point x,, where v3=0, we 


find 


X = Kain I IEP 
Ximax — ymin UE 
—(1+k?)+k 
L (14%) 


For the circular motion this expression has the 
value 1/2 as it ought to have for that case. For 
increasing value of k’ the point where v;= 
moves towards xmax. For the limit of stable 
orbits (k’ =0.51) the last expression has become 
0.58 and the limit is 2%. 

For the drift velocity we get the following 
approximate formula 


ie. mV OB (Bin Br 
(16) 
Va 26 dx, 2 


(15) 


Uärift © 


Since the field varies linearly with the coordi- 
nate the value of the magnetic field in the 
denominator is the field we have halfways 
between Ximax and Ximin. Our formula gives a 
value of the drift velocity less than about ı % 
lower than the correct value for the main 
stable region, and even when Byin/Bmax = 0.2 
the value is only about 4 % too low. It thus 
seems to be a fairly good estimate of the drift 
velocity. 
The period is given by 


ve an( Bert ee)” 1+k'2 


K (17) 


ic m 2 ST 


This formula can be divided into two parts; 
the first is the period in a homogeneous field 
with the strength we have halfways between 
Xımax and Ximin and the latter part is a correction 
factor. We find that the correction factor is 
below 1.03 in the main stability region but 
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increases rapidly with further decreasing values 
of Binin/Bmax: When the latter quantity has the 
value 0.2 the correction factor has become 
1,13, i.e., the error, when dropping this term, 
is greater than 10 %. 

We have found that the drift velocity is 
perpendicular to the magnetic field and also 
perpendicular to the gradient of the intensity 
of the magnetic field. We can use the gradient 
of the energy density of the field since its 
direction is the same as that of the previously 
mentioned gradient. Therefore we write 


ic mv2 


Uarift = — 
Va 4eB* 


B x vB? (18) 


For a medium with the permeability equal to 
unity this expression can be brought to the 
form previously given by ALFVÉN (1950). 


Case II. 


In this case the path crosses the line on which 
the magnetic field vanishes. The crossing 
points are centres of symmetry to the path. It 
is suitable to introduce the parameter k= 
=(v+b/2v)* and also k’, the latter with the 
previously given definition. With the new 


variables 
(19) 


the differential equation (4) then can be written 
in the form 


(=) = (t — 24) (2+ beat) 


(20) 


The solution is the elliptic function z=cn y, 


des x, =k(2v/a)”cn y (21) 


Equation (3) gives 
(22) 


After changing the variable t to y, we can as 
in the previous case then integrate, and become 


v3=v(2 dn?y-1) 


(23) 


Xe = (2a) (2eny + au Sy) 


The x, coordinate is given in the cosinus 
amplitudinis function, which has the period 
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4K. That is the period of the phenomenon, 
since x, has half that period. Measured in 
seconds it is 
T = (v,/ic) 4(2av) 2 K (24) 
Also in this case the particle drifts in the x;- 
direction and the drift velocity measured in 
meters per second is 
ic 2E-K_ 2E-K os 
u a K à 


Uarift = V 


where u is the velocity, in meters per second, 
of the particle. Since the function cn y is 
confined between +1 and —1 we get 
Xymax — Xymin = 2k(2v/a)” (26) 
3. Up to now we have discussed motion of 
particles in a mathematical plane. In applica- 
tions deviation from this conditions is un- 
avoidable. We are therefore interested to know 
under which conditions the trajectories are 
stable for small perturbations out of the 
mentioned plane. In the present paper we shall 
take the term stability in the mathematical 
sense. Then we get regions in which the 
amplitude after infinite time is still finite. In 
the applications we always deal with trajec- 
tories of finite length and we also are interested 
in those cases in which the amplitude in this 
interval stays below the specified level. But 
those intervals are, in general, greater than the 
mathematically stable regions. 
For getting an estimate of the main stability 
zone we shall use a criterion deduced by 
Krein (1951). He defines his equation as 


dx. 


(27) 


In $ rand § 2 we have discussed the motion 
in the plane x,=0. Let us now allow the 
particle to deviate from this plane, but so little 
that we can assume that the projection on the 
plane x,=0 of the trajectory is still what we 
have just calculated. 


Case I. 


Then the second component equation of (2) 
with x, taken from equation (8) takes the 
form (27) with A=1, if we put 


p=k? (2 sn?y -1) (28) 
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Krein then defines a new function 


p(y) when p(y)>o 


p+(y) -| O when p(y) <o 


and defines 


M= fips(y)dy = (2 — k) x 


eo) 


where the period of pis ]=2K. The maximum 
value of p is H=k?. Now Kriën states that 
we have stability, if 


A M 
with t= Hi (29) 


The function y is tabulated by SvaRcMAN 
(1954). We find that A=1 falls within the 
stable region when k < 0.858. 


Case II. 


For the non-trochoidal motion x,, obtained 
from equation (21), has to be put into equa- 
tion (2). Equation (27), with A=1, is then 
obtained, if we put 


(30) 


p is negative for all values of the argument 
when k<2-%. The motion is thus unstable 
for these values of k. The Krein criterion for 
stability requires that the mean value of p over 
one period shall be positive. This mean value, 
1/2-E/K, is positive when k > 0.9089. The 
Krein criterion now gives stability when 
k< 0.9068. Since there are no values of k 
satisfying the two last unequalities at the same 
time this criterion fails to give any part of the 
stable region. 

Both in case I and II the differential equation 
we have to solve is of Lamé type. Since I have 
not found any general discussion about the 
stability of this equation and since the criteria 
of stability, I have seen, are only partly useful, 
we shall try to approximate our equations to 
Mathieu equations. We may observe that 

Vy 
(2) ; (BD + EC)” K-1 cos me has the same 


period, linear and square mean value as 


p=1-2 dn? y 


D : Sur 
Sy — 7 I think that a substitution on these 
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Figure 4. The stability chart for a Mathieu equation with 
the relation between q and a for our approximate equation 
introduced. 


grounds will give the best approximation to 
a Mathieu equation. If we write the latter in 
the usual form (MCLACHLAN, 1947). 


on 
Rx, 


Ei (a — 2q cos 22)x, = 0 (31) 
We will find for the constants 

ge = (=) 2K (BD + EC) 

x =7y|2K 

a= 4 kiCK (case I) (32) 

a -4 K(2E-K) (case II) 


In the stability chart, Fig. 4, we have 
drawn the line representing the relation 
between q and a as defined by (32). We find 
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that for case I we have stability when 0 < k < 
< 0.86. k=o represents a circle and k=0.86 
is a trochoid with Borin) Brox = k= 0.51. The 
next stability region appears when 0.990 < k < 
< 0.998. In this case the ratio of the minimum 
to the maximum magnetic field is about o.r. 
Then comes an infinite number of stable and 
unstable regions which, however, seem to be 
of minor practical importance. 

When we come to case II we find that, as 
long as k < 2-% the motion is unstable. If we 
look at the Mathieu equation we find that the 
unstable region extends to k=0.86. The 
limiting curve is approximately one, which 
just crosses itself (compare Fig. 3 d). The 
stable region is confined to 0.86 < k < 0.91. 
This beter curve has approximately zero drift 
velocity and resembles the figure oo. For 
larger values on k there are an infinite number 
of stable and unstable regions, and they 
appear at approximatively the same values for 
k as in case I. 

The last method does not make it possible 
to tell anything about the reliability of the 
regions of stability we have calculated. When 
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k tends to zero the approximate value of p in 
equation (27) tends to the exact value and the 
approximate solution tends towards the exact 
one. The greater k becomes, the greater the 
difference in shape of the approximate p and 
the exact value becomes and the less accurate 
the calculations become. 

A comparison of the results obtained by the 
two methods we have used for the main 
stability region in case I shows that the agree- 
ment is excellent. For the main region in 
case II the two methods give the same value 
for one limit of the interval. Even if the Krein 
criterion is not formally applicable at that 
point, I do not think that it is by chance we 
have got coincidence between the two meth- 
ods. I think that we can take this coincidence 
as an indication on the reliability of the method. 

For the regions of stability of higher order 
I have not found any criterion of any value 
but, since these regions are of minor value, 
we may be satisfied with the result the Mathieu 
equation has given, 

This investigation has been sponsored by 
Statens Naturvetenskapliga Forskningsrad. 
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Accelerated Dust Grains and the Highest Cosmic Ray Energies 


By N. HERLOFSON, Royal Institute of Technology, Stockholm 


(Manuscript received March 13, 1956) 


Abstract 


The events following the impact of a fast ionised grain with the atmosphere are examined, 
and some similarity is found between the expected air shower and observations of the largest 
cosmic ray showers. It is concluded that the largest air showers are in any case initiated by 
primaries accelerated outside the solar system, whether the primaries are dust grains or single 


nuclei. 


Introduction 


Recent theories of the origin of cosmic 
radiation attribute the acceleration of the 
primary particles to electromagnetic processes 
either in the sun’s environment or in the 
Galaxy. 

If the primaries are generated in the sun’s 
environment, it is unlikely that their magnetic 
rigidity Ho can exceed 101! gauss cm corre- 
sponding to, for instance, H=10~> gauss in- 
side the solar system and @ = 1016 cm (ALFVÉN, 
1954, p. 251). For a proton this upper limit 
of the rigidity would correspond to an energy 
of 3 x 1013 eV. On the other hand, analyses of 
extensive air showers (CocconI, Coccont- 
TONGIORGI and GREISEN, 1949; CRANSHAW 
and GALBRAITH, 1954) indicate the existence 
of primary particles with energies exceeding 
101? eV, and evidence is forthcoming (CRAN- 
SHAW and GALBRAITH, private communication) 
for the occurrence of considerably higher 
primary energies. 

It has been suggested (ALEVEN, 1954, p. 252) 
that the primaries initiating the largest showers 
may be multiply-charged, and that extremely 
great energies may be reconciled with moder- 
ate magnetic rigidities in this way. A relati- 
vistic particle carrying Z elementary charges 
has an energy 


pc=300 HoZ eV (1) 


For a given rigidity Ho, a heavy nucleus would 
bring the energy up by one or two powers 
of ten as compared with a proton, and an 
ionised dust grain of suitable dimensions 
might possibly admit even higher values of Z. 
These suggestions have direct bearing on the 
question whether at least some cosmic ray 
particles are generated outside the solar system. 

It is the purpose of the present note to out- 
line the events following the impact of a fast 
ionised grain with the atmosphere, and to in- 
dicate how such primary particles, if they exist, 
might be identified and their rigidities esti- 
mated by cosmic ray observations. 


The Maximum Charge on a Grain 


A cosmic dust grain can be expected to 
acquire a positive charge, in the first instance 
by photo-ionisation, and after acceleration, by 
collisions with atoms or ions. Any recombina- 
tion process is unlikely to be important, but 
an upper limit for the positive charge is cer- 
tainly reached when ions are beginning to 
leave the surface of the grain. This process 
would first tend to round off corners and edges, 
making the grain more spherical. 

To estimate the upper limit for the number 
Z of positive charges, we consider a spherical 
grain with radius r, containing n atoms. As 
reasonable values we adopt for the lattice 
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energy W=15 eV/atom (= 690 kcal/mole 

for a diatomic substance; cf. LANDOLT-BORN- 

STEIN, 1955), and for the lattice constant d=2.2 
ngström. 

The grain will certainly dissociate complete- 
ly when the electrostatic energy divided by 
the number of atoms exceeds the lattice 
energy, i.e., the maximum value of Z is deter- 


mined by 
(Ze)? _ 
87éor 11 x 


W (2) 


€)=10-4/362 is the dielectric constant of va- 
cuum. 


The radius r is given by 
4rır?|3 = nd® (3) 


and we obtain from (2) and (3), together 
with the constants quoted above 
Z=fn'ls = 1.7 n'ls (4) 

It may be noted that if the number of 
charges given by eq. (4) is divided by the 
number of surface atoms, we find that a 
fraction 0.35 of all surface atoms are ionised. 
In a different way this illustrates that the 
chemical binding is just being destroyed by 
electrostatic disruption. In any case, the grain 
must be a perfect crystal without lattice de- 
fects in order to withstand electrostatic forces 
up to this magnitude. 

The corresponding field strength is 13 
volts/Ängström at the grain surface. 

The grain is then charged to a potential 
of 13 r volts, where the grain radius r is meas- 
ured in Angstrém. Later it will appear that we 
are interested in grains with radii up to 10? 
or 10? Angstrém, and hence the corresponding 
maximum potentials are of the order of 1 to 
10 kV. It is outside the scope of the present 
paper to discuss whether grains moving at 
relativistic velocities may acquire potentials 
of this magnitude by cosmic processes, but it 
is quite clear that the value 6 & 1 given in 
eq. (4) is an upper limit, which may have to 
be reduced by one or two powers of ten. 


Impact of a Fast Grain into the Atmosphere 


The size of grains of interest in the following 
discussion is limited to 10-4 cm or less, con- 
taining less than 101° atoms, and the energy 

er nucleon will appear to lie in the range 
1012 — 1014 eV. 
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A grain entering the ionosphere will be 
disrupted by collisions with air molecules, 
and already at heights somewhat below roo 
kilometres the grain has received sufficient 
energy to split into a beam of relativistic ions 
and nuclei. It seems likely that when the beam 
has expanded to widths of the order of centi- 
metres, each ion or nucleus will behave as a 
free particle, and the slight effect of multiple 
scattering by air molecules will from then 
onwards be the main dispersive force acting 
on this nuclear beam. 

Nuclear interactions become important 
after traversal of air masses of the order of 
10-30 g/cm?, i.e., at heights of 30 — 40 kilo- 
metres, and the main effect at these heights 
is to break up the nuclei into a beam of protons 
and neutrons. The number of surviving nuclei 
will decrease exponentially downwards, and 
it is unlikely that even a single nucleus can 
reach sea level without disruption. 

The nucleonic beam is being absorbed ex- 
ponentially with a characteristic thickness of 
somewhat more than 100 g/cm?, giving rise 
to m-mesons, whose decay products are ob- 
served as soft and penetrating particles at sea 
level. With primary nucleon energies in the 
range 101? — 1014 eV, the 7-mesons are mainly 
contained inside a forward cone with vertex 
angle between 5° and 0.5° as seen from the 
laboratory system of coordinates. This effect 
is by far the most important factor governing 
the density distribution observed at sea level, 
and only at the upper limit of the energy 
range considered will Coulomb scattering of 
electrons in the latest stages of the cascades 
become of comparable importance. 

In a search for showers due to dust grains 
one should, therefore, analyse showers which 
are wider than expected by Moliére’s distri- 
bution (cf. HEISENBERG, 1953). Furthermore, 
it is to be expected that the penetrating par- 
ticles at sea level are dispersed over a larger 
area than the soft secondaries, because the 
majority of uu-mesons at sea level are due to 
charged z-mesons produced at heights ex- 
ceeding 10-15 kilometres, whereas the elec- 
trons and photons reaching down to the ground 
are mainly due to short cascades originating at 
heights of only a few kilometres. As the angu- 
lar distribution of charged and neutral a- 
mesons are probably the same, the electrons 
are therefore spread over a smaller area. 
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The probability for a primary nucleon, 
after having traversed a thickness m g/cm?, 
to collide and give rise to z-mesons in a thick- 
ness interval dm is 


e-miu dm u (5) 


The characteristic thickness u is taken to be 
100 g/cm?, which is somewhat smaller than 
the absorption thickness for the nucleonic 
component in the atmosphere (cf. HEISEN- 
BERG, 1953, p. 385). 

In the energy range 10!2—10!4 eV per 
nucleon, the number of z-mesons produced 
in a collision is somewhat greater than 10 
(HEISENBERG, 1953, p. 162). A precise value is 
not important for our purpose, and for nu- 
merical convenience each collision is assumed 
to produce 6 charged 7-mesons and 3 neutral 
z-mesons, which decay into 6 y-quanta ini- 
tiating cascade showers. 

Up to energies exceeding 10! eV per 
nucleon, the angular distribution of the z- 
mesons in a system following the centre of 
gravity of the interacting nucleons is fairly 
isotropic (LORD, FAINBERG and SHEIN, 1950), 
but tends with increasing energy to become 
concentrated along the line of flight. In the 
present calculation an isotropic distribution 
has been adopted, and this may lead to some 
overestimate of the width of the resuiting 
shower. 

A transformation from the centre of gravity 
of the two nucleons to the laboratory system 
(BrADT, KAPLON and PETERS, 1950, eq. II a) 
shows that the number of relativistic 7-mesons 
N(@)d® emitted at angles between © and 
O +d@ with the primary particle track in the 
laboratory system is 


Nine 
B («+ 1)? 


N(@)d@ =~ dO (6) 


N, is the number of mesons emitted isotrop- 
ically in the centre of gravity: system, 
a =@/B where B = (2M,c?/U)*, 2M,c? is the 
rest energy of the two interacting nucleons 
and U is the energy of the primary nucleon. 
It is assumed that © is small, which is cer- 
tainly the case in the present calculations. 
Each y-quantum, secondary to a neutral 
n-meson, initiates a cascade shower. The 
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number of electrons JJ (M-m) at sea level 
(M=1,000 g/cm?=26.5 radiation lengths be- 
low the top of the atmosphere) is obtained 
from Rossi (1952, p. 259). An inspection of 
Rossi’s graphs shows that grains for which 
the energy per nucleon is 1011 eV or less, 
will only give rise to a multitude of short 
cascades in the upper atmosphere, but do not 
produce noticeable amounts of soft second- 
aries at sea level. On the other hand, if U 
much exceeds 10 eV, it is very hard to 
distinguish between the secondaries of a 
single energetic nucleon and a dust grain 
with the same total energy. 

If the dust grain contains N nucleons, each 
giving rise to 6 quanta initiating cascade 
showers of JJ (M-m) electrons at ground 
level, the total number of electrons observed 
on the ground is 


M 
N.=6N fe-"#II(M - m)dm/u (7) 
0 


The number of electrons per unit area D.(R) 
at distance R from the shower axis is 


M 
6N I dm 


= —m/u Er EI le 
Bx fe aN MCE + 1)? u 


| (8) 


0 
where h is the geometrical height at thickness 
m below the top of the atmosphere (Rosst, 
1952, p. 545), and «= R/Bh. It is readily seen 


that N,= f DAR) 2RdR. The dependence of 
0 


D.(R) 


the 7-meson energy on the angle © is ignored, 
and this may lead to some overestimate of the 
width of the resulting shower. 


Table ı. Radial density distribution of electrons 
D (R)/D,(0) for different values of distance R and 
nucleon energy U 


R (metres) | U=10¥eV | U=10leV | U=104eV 

o 1.00 1.00 1.00 

20 — — .47 

30 — 07 — 

oS 74 “45 12 

100 47 ut) 02 
200 20 03 — 
300 10 = — 
400 .05 — — 
500 .03 = — 
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— Electron density in 

shower from grain. 
--- Molière distribution 
U=Energy'per nucleon. 


Particle densit 


0.1 


0.01 


Distance from 
0 100 200 300 400 m 


Fig. 1. Radial distribution of electrons in showers initiated 

by grains ( ) compared with radial distribution 

in electron-photon cascade (- - - -). (HEISENBERG, 1953, 
p. 434.) 


Table ı and Fig. 1 show that the distance 
at which the electron density has been reduced 
to 1/10 of the central density, varies from 300 
metres for U=10!? eV to 60 metres for U= 
to! eV. In the outer parts of the Molière 
distribution the electron density goes down 
by a factor 10 over a distance of so metres. 
It is therefore apparent that for dust grains 
with energies per nucleon less than 1014 eV, 
the angular spread at production of the x- 
mesons will be more important than electron 
scattering, but for energies greater than 1014 eV 
it will be unimportant compared with electron 


Table 2. Number of electrons at sea level per 
incident nucleon, G(U)=N,/N, for different values 


of nucleon energy U 


U tol2eV | ıol3eV | rol!eV 
GUN) ==" NE NE 7. 6 150 4100 
Losey GO) a] 117 123 12.8 
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scattering, which will then mark any specific 
effects associated with dust grains as primary 
particles. 

Table 2 shows that for energies below 1012 
eV, the number of cascade electrons at ground 
level will be very small, as is also well known 
from studies of the ordinary soft component 
in the cosmic radiation. 


Table 3. U=10!?eV, Relative contributions to elec- 
tron density at sea level from cascades initiated 
at different heights 


mg/cm? |} (km) | R=o i 4 2 
50 m | 100 m | 300m 
oO .00 .00 00 | .000 
100 7083 .03 03 03 .027 
200 11.9 .08 08 07 | .045 
300 9.3 14 I4 12408058 
400 7.4 30 29 25 | .086 
500 5.7 52 48 38 | .083 
600 4-4 72 63 44 | .059 
700 3.2 89 .70 5394| 2.027 
800 222 87 .54 204-007 
900 1.2 42 II 02 | .000 
1000 


Table 3 illustrates that for U=10!2 eV, 
the bulk of the electrons near the shower 
axis belong to cascades initiated between 
2 and 4 kilometres above the ground, whereas 
the much greater number of cascades initiated 
at heights exceeding 10 kilometres is absorbed 
well above the ground. In the fringe of the 
shower cascades initiated at low altitudes 
contribute less because they are only dispersed 
over a small area near the axis, and cascades 
starting at heights of 4 to 7 kilometres become 
more important. 


Structure of the Meson Shower at Ground 
Level 


The general features of the u-meson com- 
ponent at ground level can be studied by 
assuming that every charged 7-meson gives 
rise to a secondary u-meson on the ground. 
At the energies which we consider, absorption 
and u-meson decay are not serious, but the 
development of meson-nucleon cascades may 
be significant, and the estimates of meson 
densities given in the present discussion are 
probably lower limits. 


AIR 


The number N,, of u-mesons and their 
density D„(R) follow from eqs. (7) and (8) 
by putting IT (M-m)=1, ie. 


M 
Nn=6N Sf er"I#dm|u & 6N (9) 
0 
id d 
6N I m 
en —m/i en 
Dak) Ba J ‘ h?(a? +1)? u u) 


0 


Table 4. U=10!?eV. Density of u-mesons relative 
to density at the shower axis and to the electron 


density 
R (metres) D,,(R)/D,,(0) D, (R)/D,(R) 
o 1.00 .095 
200 .65 91 
500 .25 .8I 
1000 .05 — 


A comparison between Tables 1 and 4 
shows that the meson shower is less dense 
than the electron shower at all distances from 
the axis of any significance, but that the 
meson density tends to exceed the electron 
density at distances greater than soo metres. 
It is unlikely, however, that this excess of 
mesons at great distances will be noticeable, 
because the meson shower is virtually extinct 
at distances greater than 700 metres when U= 
10 OW. 

For higher values of U the relative meson 
content will be negligible, because the elec- 
tron photon cascade develops so rapidly with 
increasing energy, as seen from Table 2. 


Possible Comparison with Experiments 


It seems clear that the air showers studied by 
CoccoNI, COCCONI-TONGIORGI and GREISEN 
(1949) and many others, with well defined 
cores and an electron distribution closely 
following Moliére’s theory, must be due to a 
single primary particle. It may, however, be 
worth considering whether the very wide 
showers observed by CransHaw and GAL- 
BRAITH (1954) are evidence of fast grains, and 
if so, what is then the influence on the cal- 
culated magnetic rigidity. 
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Counter experiments give information about 
the total number of particles and their radial 
distribution. 

For a grain containing N nucleons, and of 
material with average atomic weight A, eqs. 
(x) and (4) show that the total energy is 


NU = 300Hoß (N/A) (11) 


From Table 2 we can find 


N./N=G(U) (12) 

Eliminating the number of primary nucleons 
from eqs. (11) and (12) we obtain for the 
magnetic rigidity 


log (Ho) = 5 log N, + log|U/G(U)"*] - log B + 


jlog A - 2.5 (13) 


The first term in eq. (13) is observable. 
The second term is given in Table 2 and its 
value lies between 11.7 and 12.8. A more 
precise value may be obtained by comparing 
the observed electron distribution with Table 1 
or Fig. 1, and estimate U. The third term 
(-log B) is not smaller than o, and may 
possibly be as great as 1 or 2. The fourth term 
is about 0.7 or greater, corresponding to an 
average atomic weight not less than 10. 

From these estimates we conclude that 


log (Ho) > log N, + 11.7+0+0.7 —2.5 = 


= log N. + 10 (14) 


and is probably as much as two units greater. 

Even if we accept the hypothesis of fast 
dust grains as primaries for the very wide 
showers, a shower containing 108 electrons 
at sea level is therefore evidence for particles 
of magnetic rigidity not less than 101% gauss 
cm, and possible as great as 101 or 1015 gauss 
cm. It seems unlikely at present that such 
particles can have been accelerated inside the 
solar system. 
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On the Theory of Sunspots 


By H. ALFVEN, The Royal Institute of Technology, Stockholm 


(Manuscript received February 14, 1956) 


It seems not to be generally recognized that 
the magnetic energy of sunspots is so large 
that it is unlikely that it can be supplied by the 
non-uniform rotation of the sun. 

H? 
The magnetic energy ie T Of à 


bipolar sunspot can be estimated in the 
following way. Let us put H=3,000 gauss. 
Assuming that the magnetic field lines connect 
the two spots below the photosphere, we put 
the volume + equal to 
T Alc d 

where As is the area of a spot and d the distance 
between the spots. Let us put d=1.10! cm. 

The average area A=2As covered by 
sunspots at a given moment is about A= 3.101? 
cm?. Hence the energy stored in sunspot fields 
at a certain moment is 

W=(3;000)* 101% 1019) Sar =10% erg. 
The life-time of a sunspot is of the order 0.1 
year. It is reasonable to assume that the energy 
W is dissipated in about this length of time. 
The power P which is consumed is 
P=10% erg/year. 

According to some theories the sunspots are 
produced by the nonuniform rotation of the 
sun. This is unlikely because the kinetic energy 
of the differential rotation is only of the order 
10%—104 erg. Hence, the energy of the 
differential rotation suffices only during 1,000— 
10,000 years, unless it is replenished in some 
way in such a short time, which seems rather 
unlikely. 

This means that the nuclear energy released 
in the solar core is the most probable energy 
source of sunspots. 


An important question is how this energy 
is converted into the magnetic energy of 
sunspots. The most reasonable assumption 
seems to be that the heat produced in the solar 
core is converted into mechanical and electro- 
magnetic (magneto-hydrodynamic) energy in a 
convection region. This region could either 
be close to the surface or deeper down in the 
sun. A convection close to the surface should 
probably be independent of the latitude, and 
may be associated with the granulation, which 
is independent of the latitude. But it is unlikely 
that a phenomenon which is so strongly 
latitude-dependent as the solar activity takes 
its energy from a convection layer close to 
the surface. 


On the other hand if the conversion takes 
place deep inside the sun, a latitude dependence 
is a natural result of the geometry of a general 
magnetic field which makes the solar matter 
anisotropic to magneto-hydrodynamic waves. 
Such waves may be generated at the convection 
(even if the details of this effect are not very 
well understood). For this interpretation speaks 
that although the sunspot phenomenon is 
highly irregular, the “sunspot progression 
curve” is very well reproduced from one cycle 
to another. This supports the view that this 
curve is given by the geometry of the sun’s 
general magnetic field, as claimed by the 
magneto-hydrodynamic theory. A further 
confirmation of this is the recent result that 
the polar branch of the curve agrees very well 
with the prominence activity (ALFVEN, 1956). 


A decisive check of the hypothesis of a 
generation in the core is that sunspots in the 
northern hemisphere show a special type of 
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correlation with spots on the southern hemi- 
sphere. This correlation has been confirmed 
empirically in three different ways (GALvEnIus 
and WOLD, 1948; WHITTLE, 1954; ALFVÉN, 
1953). It is very important that this correlation 
be checked in different ways by other authors. 


In the chapter “Solar Electrodynamics” in 
Kuiper’s “The Sun” CowziNG (1953) has 
criticised the magneto-hydrodynamic theory 
of sunspots, which he finds “totally unaccepta- 
ble”. A general objection which Cowling 
makes is that “Alfvén exceeds the number of 
ad hoc assumptions which can reasonably be 
allowed to the author of a theory and that 
there are serious gaps and inconsistencies in 
his account”. 


To this should be remarked that in this 
field as in many other fields of astrophysics we 
are far from a definite formulation of a final 
theory. The investigations are obviously still 
in the stage where we must try different ways 
of approach even with the risk that a theory at 
present necessarily contains “serious gaps’’. It 
should be observed that Cowling, after having 
rejected all theories of the field, has no positive 
suggestion to make. 


The number of ad hoc assumptions which a 
theory is considered to contain, depends 
essentially upon how the theory is presented 
and interpreted. The only real assumption of 
the magneto-hydrodynamic theory of sunspots 
is that sunspots—and perhaps other aspects of 
solar activity—draw their energy from nuclear 
energy which is released in the solar core, 
from which the energy is transmitted as 
magneto-hydrodynamic disturbances out to 
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the surface. Most of what Cowling considers 
to be ad hoc assumptions can as well be regarded 
as consequences of the theory. For example, if 
our basic assumption is right the small latitude 
displacement of a spot shows that the whirl 
rings have a special orientation. All what we 
could do with this consequence of the basic 
assumption is to put it into connection with a 
reasonable convection mechanism producing 
the disturbances. It turns out that the mecha- 
nism is likely to favour the production of 
whirls of the required orientation. Even if 
perhaps Cowling does not accept this mecha- 
nism, it seems more adequate to list the 
question of the orientation as a point which 
requires further investigation than to imply 
that this still unsolved problem is an objection 
to the whole way of approach. 

Further, according to the magneto-hydro- 
dynamic theory of sunspots the convection in 
the solar core must be of a special type. In 
principle, this is not more of an ad hoc assump- 
tion than e.g. the inference that discontinuities 
exist in the earth’s interior. If the solar activity, 
and especially the sunspots, are caused by 
magneto-hydrodynamic waves transmitted to 
the surface from the interior, we have a means 
of exploring the interior in the same way as 
we can explore the earth’s interior through a 
study of seismic waves. Of course we are at 
present not so sure about the interpretation of 
the solar activity pattern as we are about the 
interpretation of a seismogram, but this does 
not affect the principle. 

What has been stated should not conceal the 
fact that there are many unsolved problems in 
the theory of sunspots. 
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Cosmical Electrodynamics, 


NOTE 


A Comparison of - 


Magnetic Disturbance at Resolute Bay and Baker Lake, Canada’ 


By K. WHITHAM and E. I. LOOMER, Dominion Observatory, Ottawa 


(Manuscript received February 2, 1956) 


In a recent paper, ALFVÉN (1955) has dis- 
cussed the possibility of an inner auroral zone 
with a polar distance of s—ı0°, and pointed 
out the need to check his theoretical predictions 


1 Published by permission of the Acting Deputy 
Minister, Department of Mines and Technical Surveys, 
Ottawa, Ontario. 


against observations of aurora and geomagnetic 
disturbances. 

The Dominion Observatory has operated 
two magnetic observatories in the Canadian 
Arctic since 1948. One of these is situated at 
Baker Lake, N.W.T. (lat. 64.3° N, long. 
264.0° E) and the other at Resolute Bay, 


COMPARISON OF DISTURBANCE 
BAKER LAKE — RESOLUTE BAY 
OCT. 1953— MAR. 1955 


K BAKER LAKE 


r=0:77! 000, 


14244  coses) 


K RESOLUTE BAY 


Fig. 1. Comparison of disturbance for intervals of three hours between Resolute 
Bay and Baker Lake Magnetic Observatories, October, 1953 to March, 1955. 


Tellus VIII (1956), 2 


MAGNETIC DISTURBANCE AT RESOLUTE BAY AND BAKER LAKE 


277 


BAKER LAKE. N.WT. 
LACOUR  VARIOME TER 


Sa ee el 


RESOLUTE BAY 
CORNWALLIS ISLAND) 
RUSK A. 


VARIOMETER 


Fig. 2. The magnetograms from Resolute Bay and Baker Lake Magnetic Observatories during 
July oth and roth, 1954. 


Cornwallis Island (lat. 74.7° N, long. 265.1° E). 
The geomagnetic coordinates of these observa- 
tories are ®=73.7°, A =315.3° for Baker Lake 
and ®=83.0°, A=289.0° for Resolute Bay. 
Thus the polar cap observatory at Resolute 
Bay is excellently situated with respect to 
Alfven’s estimated position of the inner auroral 
zone, whilst the disturbance observed at Baker 
Lake is typical of that at a station on the 
northern edge of the auroral zone. A detailed 
analysis of the transient magnetic disturbance 
at both stations is under way; in the meantime 
it seemed advisable to comment on Arctic 
disturbance using the K indices for the two 
stations which have been measured on a 
routine basis for some time. 

The ranges for K index measurements for 
the two stations have been determined: the 
lower limit of K9 corresponds to a 2,500 
gamma range at Baker Lake and a 1,500 
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gamma range at Resolute Bay. The frequency 
distribution curves of K values are then quite 
similar for the two observatories. Fig. 1 shows 
a comparison of the K indices for corre- 
sponding intervals of three hours. The corre- 
lation coefficient is high and equal to 0.77; 
this rises to a value 0.89 when the sums of the 
K indices for the day are compared. In view 
of Alfven’s suggestions, it is of special interest 
to examine the magnetograms at the times 
when the K index at Resolute Bay is appreci- 
ably greater than that at Baker Lake. Although 
such a selection is rather arbitrary in view of 
the non-linear nature of the K-scale, the six 
cases when the difference exceeds two were 
carefully examined. In five cases there is 
marked agreement in the form of disturbance 
shown in the two magnetograms, and no 
evidence for disturbance at Resolute Bay 
occurring independently of that at Baker Lake. 
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We believe this general conclusion is inde- 
pendent of the value adopted for K9 in the 
measurement of K indices. Copies of the 
magnetograms for the two observatories 
around the exceptional period 18 to 21 hr. 
G.M.T., July 9th, 1954 are shown in Fig. 2. 
It can be seen that until 19.30 hr. G.M.T. 
approximately, there are appreciable move- 
ments in X, Yand Z at Resolute Bay with 
no evidence of corresponding disturbance at 
Baker Lake. After 19.30 hr., both stations are 
disturbed, but not excessively. The first 
interval does not apparently correspond to the 
initial phase of a storm. 

A preliminary analysis of storms at Resolute 
Bay has been completed, and so the magneto- 
grams from Baker Lake at the corresponding 
times were also examined. The storm patterns 
are complex and difficult to systematize, but 
no unusual initial phases appear at Resolute Bay. 

The fifteen cases when Baker Lake is 
appreciably more disturbed than Resolute Bay 
were investigated. With one exception only, 
these correspond to the presence at Baker Lake 
of marked bay activity: very large bays 
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appear between 03 and 09 G.M.T. with the 
corresponding currents to the south of Baker 
Lake and flowing approximately north-west. 
In all these cases, however, a less distinct form 
of disturbance can still be resolved in the 
magnetograms from Resolute Bay. 

With two stations only in high geomagnetic 
latitudes it is not possible to look for a mini- 
mum of disturbance at an intermediate latitude, 
and the use of K indices in correlating polar 
cap and auroral zone activity is not ideal. 
However, this simple approach is of interest 
in confirming qualitatively the idea that the 


_ circuits of the currents of the auroral zone are 


closed over the polar cap, and in showing 
there is no outstanding evidence for an inner 
zone of precipitation in the Canadian Arc- 
tic. 

It is of interest to note further that the 
secondary zone of high magnetic perturbations 
at geomagnetic latitudes 80—85° suggested by 
Russian Arctic research (ANONYMOUS, 1954) 
is of spiral shape, and is not shown extended 
westwards into the Arctic Islands of Canada 


beyond Baffın Island. 
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BEFFERSTTIO TELE EDITOR 
The Cosmic Ray Increase on February 23, 1956 


Dear Sir, 


The increase in cosmic radiation on February 
23rd, 1956 was registered in Stockholm, 
geomagn. lat. 58° N, geograph. long. 18.0° E, 
as well as in Kiruna, geomagn. lat. 65° N, 
geograph. long. 20.4° E. In Stockholm a set 
of 4-channel directional counter telescopes 
mounted for the zenith, north, and south 
directions (30° zenith angle) at an elevation 
of 46 m delivered three records (Z, N, and 
S in the left part of the figure). In the meridian 
the telescopes have an opening of roughly 25° 
for the Z and 23° for the N and S directions. 
Perpendicular to the meridian plane their 
openings are 90°. The mass of the roof above 
these telescopes is less than 10 g per cm?. 

By chance a cubical counter telescope of 
international standard type was operated in a 
locality where the mass of the roof is 80 to 
100 g per cm?. Owing to the program of test 
runs the record starts at 1500 G.M.T. on 
February 22nd. The mechanical counter failed 
between 0600 and 0700 G.M.T. and was proba- 
bly restarted too late for a full count during 
the following hour. 

In addition to the four curves from the 
counter telescopes a record of the soft compo- 
nent was delivered by a small neutron monitor 
(ECKHARTT). 

The counter telescopes in Kiruna are of the 
same geometry as those in Stockholm. The 
elevation is 400 m. For reasons of economy 
the impulses from the four channels in each 
direction are not counted separately. The 
dangers involved were demonstrated on the 
day in question, when one of the S channels 
was out of order and spoiled the whole record 
of this direction. The Z and N records from 
Kiruna are found to the right in the fıgure. 
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In all the instances the impulses have been 
counted during one hour intervals. As a result 
the increase between 0300 and 0400 G.M.T 
(0400 and 0500 CET) has been distributed over 
the whole hour. From quarter hour and 
continuous registrations elsewhere (SirTKus, 
ErrioT) we know that the time of maximum 
was at approximately 0345 G.M.T. and that the 
increase did not start before 0340. A recalcula- 
tion of the one hour values from Stockholm 
and Kiruna so as to give the number of 
impulses during the period 0340—0400 G.M.T 
shows that the counting-rate in the Z direction 
was at least 2.5 times the normal in Stockholm 
and 2.8 times the normal in Kiruna. The 
corresponding values for the N directions are 
2.1 and 2.2. In the S direction in Stockholm 
the intensity appears to have risen at least to 
1.8 times the normal. The cubical telescope in 
Stockholm, shielded by a mass equalling 7—9 
cm of lead, indicates an increase of at least 
twice the normal. 


The Z values from Stockholm display a 
periodic variation preceding the sudden in- 
crease. This variation is well outside the sta- 
istical fluctuations. The same variation is also 
present in the N and S records, but in these 
two cases it is so small as to fall inside the 
statistical fluctuations. The minimum before the 
flare effect is present in the record from the 
cubical telescope but the preceding maximum, 
if it exists, appears to have taken place before 
that shown by the small-angle telescopes. 
Turning to the Kiruna records we find that 
the Z direction reveals traces of the periodic 
variation agreeing tolerably well with that 
from the small-angle telescopes in Stockholm. 


As regards the return to normal conditions 
that indicated by the S direction in Stockholm 
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Fig. 1. The sudden increase in cosmic radiation on February 23, 1956. 


was the most rapid. Then came the Z direction, 
while the N direction indicated a slightly later 
return. The cubical telescope reveals a still less 
rapid return to normal. There is no obvious 
difference between the two records from 
Kiruna but in both cases the measurable 
increase in C R intensity appears to have been 
of a slightly longer duration there than in 
Stockholm. 

The Z and N records from the small angle 
telescopes in Stockholm display a very curious 
feature. These two records, corrected for the 
barometric effect, show a 3 per cent increase 
in the number of counts per hour after the 
event as compared to the day before. None of 
the other records show a corresponding 
increase. The arrangement of the 3 x 4 channels 


is such as to make it very improbable that an 
increased sensitivity of the counters would 
appear in two directions but not in the third. 
Nor does a study of the separate channels 
indicate any explanation. 

The ionosphere observatory in Uppsala (70 
km from the telescopes) reported extremely 
strong absorption in the D-layer between 0800 
and 1600 G.M.T. 

The present cosmic ray registrations are part 
of a program sponsored by The Swedish 
Natural Science Research Council. 


Uppsala, March 22, 1956. 


ARNE ELD SANDSTROM 


Fysiska Institutionen. 
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Dear Sir, 


Registrations of the soft component of 
cosmic radiation have been made using a small 
neutron monitor similar to Sımpson’s Standard 
Two-Counter Geometry (SIMPSON ET AL, 
1953). The monitor is located in the same room 
as the directional counter telescopes of the C.R. 
station in Stockholm (SANDSTRÖM, 1956), 
magnetic latitude 58° N and geographic longi- 
tude 18° E, at an altitude of 48 m above 
sea level, and under a roof equal to 10 g per 
cm?. Except for some periods of change and 
improvement in the electronic and recording 
equipment, continuous registrations of the 
soft component have been carried out since 
March last year. The number of pulses per 
hour has been corrected for air pressure to a 
standard value of 1,000 mb using Sımpson’s 
coefficient — 0.94 %/mm Hg (SIMPSON ET AL, 
1953). 

The hourly pressure-corrected pulse rates of 
this small monitor from the 22nd to the 25th 
of February are plotted in the diagram. On 
the 23rd between 3 h. and 4 h. G.M.T. the 
intensity rose to about 14 times its normal 
value. Taking into account that the sudden 
increase began in the last third of the one hour 
interval, as measured by several other stations 
(Sırrkus, Error), this ratio would be even 
greater, certainly exceeding 42 times. The next 
hour gave a value about 15 times higher than 
normal. Then the intensity slowly returned to 
its normal value, which it reached in the late 
evening hours. For correcting the pulse rates 
at the increased intensity we used the same 
pressure coefficient. 

The monitor contains two counter tubes 
made of brass with sensitive length and 
diameter of 200 mm and 29 mm resp., filled 
with BF, gas enriched to 95% B! up to a 
pressure of 700 mm Hg. Each counter is 
surrounded by a rectangular paraffin block 
lying between the horizontal parts of an I- 
shaped bar of lead 5 cm thick. The lead bar 
itself is covered on all sides by a paraffin layer 
about 15 cm in thickness. The small pulses 
from the proportional counters run through 
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pre-amplifier, main-amplifier, discriminator, 
and scaler to a mechanical printing recorder. 
Every full hour the mechanical recorder is 
triggered to print down the figures and to 
reset them to zero. Positive high voltage for 
the counter tubes and d.-c. voltage for the 
amplifiers are supplied by highly stabilized 
units. The room temperature is kept constant. 
The air pressure is recorded by an aneroid— 
barograph the precision of which is sufficient 
considering the relatively low counting rate 
of the monitor. By covering the counter tubes 
with a 0.5 mm thick cadmium shield we 
measured a background of 3.5 % of the normal 
counting rate. 

As shown by Sımpson and his collaborators 
(1953) nearly all the neutrons counted with 
such a monitor originate from nuclear dis- 
integrations in the lead. These disintegrations 
are the end of a chain of nuclear processes 
developing through the atmosphere, and are 
initiated by primary protons of cosmic radia- 
tion having a mean rigidity of about 7 GeV/c 
assuming undisturbed primary spectrum. 


104* 1000 Pulses /pour 


048262004 8 12 16 2004 8 2120 4 8 12 16 20 0 GMT 


Fig. 2. 
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It may be noted that we were also able to 
measure the return of the neutron intensity to 
normal values during the daytime hours of the 
23rd of February with a second monitor. As 
this instrument was just under construction 
only one third of the paraffin and lead parts 
with four counter tubes were ready for meas- 
urements. It was located under about 100 g 
per cm?. The factors by which the pulse rates 
rose above the normal value differ slightly 


LETTERS TO THE EDITOR 


from those for the small monitor in the corre- 
sponding hours, being somewhat larger before 
11 h. and somewhat smaller thereafter. 

The work with the small monitor is partly 
financed by the Swedish Natural Science 
Research Council. 


Stockholm, March 22, 1956. 
DIETER ECKHARTT 
The Royal Institute of Technology. 
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Current Data on the Chemical Composition of Air and Precipitation VI 


(For further information see Egnér, H., Eriksson, E., Tellus 7, 134—139, 1955.) 
m m nn 
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Ro 94| 96) 328) 17) 21/'129} 29| 33| 122] 4.3 o| 40) — 
NA 99| 107| 737| 10] 41] 368| 23! 54| 70| 5.6 ON" 30129) 79| A319T.SICT.220.2| seo 
Au 49| 81 6717 Tal) 400,28 1817280095 58 ol SE 1401 Dis Sur, 5102.07 8170 
Gü 72| 60 46 9| 15 2| 12| 2511 79 5.5 fe) Die ge ae De 3.4100,81 67.512 0.0] 12 
Fe ef sil a eal Bc sg eA ee *| 1.5| 0.7| 0.6] 1.3] 0.6]: 0.0] 2.3 


— No sampling 
* Sample discarded 


Station 


Riksgränsen . 
Giga ween exe 
Axjeplog th... * 
Ojebyn 6. wa. 
Röbäcksdalen 
Offer Tr. +. 
Bredkälen ... 
ARC DER E 
Âre, Hummeln 
SIE More. 
Rättvik 
Ämot 
Sala 


Brken Mer 
Strängnäs ... 
Forshult ..... 
Kvarntorp ... 
Kvarntorp ... 
Västra Ny... 
anna... 
Mina we. 
Falsterbobruk 
Hlabultr..-".. 
Ambjôrnarp . 
Simlängsdalen 


Code 


Alti- 
tude 


500 
500 
400 
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Coordinates of Sampling Stations 


Latitude 


N 


Longitude 
WorE of 
Greenwich 


D NHN He 
H CO OC 


© 
Do Go N Gi © N O 


O 


Station 


Plônninge ... 
SCHEMAS 6 oo ole 
Smedby 
Sylfaste 
Bräkne-Hoby 
Hammenhög . 
Alnarp 
Hilleshég.... 


KRUODIO Er 
Jyvaskyla... 
Tvarminne .. 
Chinese 
NSRO NN Pere 
iby stotterer on. 
Aberdeen .... 
Edinburgh ... 
Leeds 
Rothamsted . 
Newton Abbot 
Augustenberg 
Güntersthal .. 
Heldbers .. 


: ; Longitude 

er ae Latitude W Br E of 
ude N À 

Greenwich 
Pl — os | 
SÔ — 57.0 14.9 E 
Sm = 56.7 1020 
Sy — 57.6 TS. R 
BH — 56.2 ge NS 
Ha = 55.5 TA TUE 
Al — 55.7 13.7.8 
Hi no 55.9 AG), E 
As = 59.7 10.8 E 
Va 400 61.8 on E 
Li — 58.1 6.6 E 
Ka = 63.1 23.0. 
Ku — 62.9 Dalia VS 
Jy — 62.2 A IE 
Tv — 59.9 23-228 
Od == 56.2 TOME 
As — 55.5 gr E 
Ty 55.2 nay el 
Ab — 57.1 Ze i 
Ed — 55.6 3.2 W 
Tee — 53.8 EN 
Ro — 51.8 03 W 
NA — 50.3 3.6 W 
Au = 49.0 8.5 E 
Gi 300 47.9 TETE, 
Fe 1500 47.9 8.0 E 


Uppsala in March 1956. 
G. Brodin 
R. Agricultural College, Uppsala 
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CO,-values Dec. 1955—Jan. 1956 in Scandinavia : 


(Cf, FONCELIUS, KOROLEFF: Tellus 7, pp. 258—265) 
pA pee PT Lo à ee a ee eee 


December January 
Station co CO; 
o : 2 o 2 
Date C | Wind | Weather 1/10 1 Date C Wind Weather ml/ro ]| 

I |—17.5| SSW 4 fo) 2807 ı |—10.| ESE 6 72 ro B20 
Ab Io — — — — Io |— 14.0] WSW 3 5 3.18 
20, | 26.5| SSEFFZ o 3.07 20 |—11r.0] SSW 5 2510 3.76 

4 1 |—10.2] N I X° 10 22 I — = == == 
Oj 10 |—20.8| N I X° 5 3.02 10 |—11.1| N ro 3.14 
20 |— 19.2] N I 5 3.03 20 |— 7.8} NW 2 +2 TO 3.29 
1 |— 1.0] W 4 6 3-32 I |— 7.0] N I 6 3.06 
Br Io |—15.0] N 3 LR 3.04 To) -—10.0| JE I = 3-13 
20 |=21:0| NE 2 5 3.16 20 |— 7.0] WNW3 I 3.07 
if 5.01 WSW 3 5 3.23 T0 |= 63 INWe a 9 3.19 
Ul 10 |— 7.3] SSW 2 2% "| 3:01 |; 10-4 [= 40.9) SE TUTO NES 
20 Calm Io 37 20 |— 4.4| WSW 4 fo) SET 
I DOM SU, a = 9 2.92 1 |— 4.6, N I o 2.98 
Fl 10 |— 64| NW ı 6 2.98 10 |— 1.6] SW 2 + Co 3.18 
20 |—10.8| SW 1 6 3.09 ZO) |== F242) GSW) 4 o 3.12 
I — == — — I |— 5.0] E 2 2 3.09 
Pl 10 |— 10l NE 5 £2. TO. 3.18 Io |— 4.0] S 2 2 3.36 
20 |— 2.0] Calm 9 DIR 20 2.0| Calm 5 3.03 

I | 8.2| SE 4 fe) 322 ra | 56.31 SSE 8 fe) 3.42 
Ka 10 |—11.8| S I = lo 3.43 Io |— 9.2] ESE 3 +R LO 3.39 
20 »|—16.4| ESE 2 * To 3 47 20 |— 88 W 2 Er 3.45 
I |—12.8| E I fe) 3:27 1 |—11.4| E 3 fe) 3.63 
Ri 10 |—28.4| SE I = >10 3.50 Io |—10.9| E 2 +” 10 3.43 
20 |—25.2| E 2 5 3.62 20 |—14.0| SE I fe) 3:58 
I |—10.6| ESE 4 o 3.27 I |—10.3| SSE 3 fe) 3.49 

Lu 10 |—22.5| SSE :1 = ALO 3.45 10 |—10.3] ESE 2 STE 3.37 
200. —17.3|, ENB 2 Zero 3.40 20 , = 6.4| “SSE 2 fe) 3.48 
I SEO] sy VV > o 3.15 I 01728 o fe) 3.40 

Tv 10 |— 3.0] S 4 270 3.61 Io |— 3.0| SE 2 o 3.31 

20 |—-15.0| N oO fe) 2.55 20 |— 40| NW 7: O 3.2 

= | 

10° |— 550) GENES = 3 2.98 r |— 49] NE 3 I 3.08 
Bo 10 — — — — 10 |— 4.2| E 5 = 2.94 
20 — == — = 200 |— 7-2) PENE 7 u ie 3.08 
1 |— 8.8) NNW 2 10 3.19 1 |— 18.4] W I Do 3.13 
va 10.5 1—20:4| -ENE 2 I 2.98 Io |— 5.6, NE 3 +2, 10: 3.27 
20 |—17.2) ENE ı 6 3.16 20 |— 7.3) E 3 10 3.23 

I GOSSES @ to 3.28 I = = = — 

Be 10 |— 3.4| Calm 6 3.87 10 2.11 SE 7 Io Sys 
20m 2019| | SSE 3 > To 3.23 | 20 TO SE) 3 10 3.07 

I Sel Soy az — fe) Shas; I |— 1.2] NNE 2 8 3.0 
h DES 2) NNE 2 ‚04 
Od Io — I.1| NE 2 Ko) 3.19 10 0.2} SSE 10 3.28 
20 — — = aes 20 0.0} SW ÉD TO, 3.20 

I 4.0] S 3 10 3.30 I 0,9 8 3 10 3.0 
As 10 |— 06| NE 6 M 10) 3.03 Io |— o.2| S 5 Io > 


AW 


\\ 


mA 
U 
= 
% 
‘ 
1 
Sa 
ù 
. 
u en ng 
1 
& 
> 
. à 
= 
> 


